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Neutrinos: Standard Model and Beyond

Materieteilchen
Jp Charm
Quark Quark
Down i Strange
Cluark, Cuark,

e Elektron o Myan o Tavon
Elektron Myan
Meutring Meutring

« vin SU(2), dubletts

Top
Quark

1. Familie
2. Familie
3. Familie

Battom
Cuiark

Tau-
Meutring

 Mixing = masses = - flavour eigenstates
- mass eigenstates

* v =V = double  decay possible
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Solare Neutrinos

4p + 28" — He + 2u, + 26.73MeV (E,)=0.26MeV
Eﬂ)*—)zHﬂLeﬂrve 99,77 6 023 % p++e+p+—>3H+?
v v 10° %
‘H+p*—3He+y |[PHe+p"™— *He +e*+v,
115,08 % hep
SHe+*He—Be+ vy
"Be i 99,9 % v+ 0.1%
‘Bete— Litv, Be+pt—5B+ v
84,92 % | ! !
3He+3He—>4Hezﬂ -Li+p+—>4He+zP§-§ SBi—>8Be*+e++\'E
8Be*—*He+*He

Im Mittel: ~ 13 MeV Sonnenleistung pro pp-Neutrino
Solarkonstante: S = 8.5 x 10" MeVcm-2s' > & = S/<E >~ 6.5 x 1010 cm-2s-1
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Flux at 1 AU [cm‘2 S_lMeV_I) [for lines, em™2 S_l]

Sonnenneutrino-Defizit
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Super-Kamiokan

SUPERKAMIOKANDE DETE]

Voe> Vel '
=’ Richtuny’
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Event Topologies

From side Ring
......
short track, %’ ;' .'.
no multiple a .=
scattering % &
l. =3
Ppge0®
'.=t. '.
-] o o
electrons: . e ® e
short track. %, e : ®
mult. scat.. : o o’
brems. ®os :.
°%e e 8%
muons: 8:6% 004 % 0
long track,  ClemE SR
slows down 0 6, o0 85
«I... L=l .-..
et
2 @
LT T
e -. e ®
e 2 @ 2
neutral pions: LY 9:“.'.‘:'.
2 electron-like o B 00g® o° ]
tracks ° e L °©
° . ®
° oge 0° ®
=]
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Through-going Muon

MiniBooNE

Sharp

Ring

Stopping Muon

Fuzzy
Ring

Electron
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Ring with
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MNeutral Pion

Two
Fuzzy
Rings



v.-Detizit von der Sonne

Homestake | Kamiokande Super- Gallex Sage
Kamiokande
Schwelle [MeV] 0.814 7.5 7.0 0.233 0.233
Lautzeit 1970 - 1994 | 1987 - 1995 | 1996 - 1998 [ 1991 - 1997 | 1990 - 1997
Vorhersage 77U 5.1570% 515102 1207 1297
Experiment | 256 +£0.22 | 2824 0.38 | 2.42+ 0.08 T7.5+8 66.6 + 8
Stn/Serp 3.0 1.8 2.1 L.7 1.9




SNO: totaler v-Fluss von der Sonne

4 ; == i @* ML

Sudbury
Neutrino
Observatory

4K SHO Event Display [SHO_0000003510_000.zdab:56%81]  BY =] X]

File Move Display Data Windows

D,0

Messe 8B-v's in

CC und NC
(had.& lept.)

v, + d
1, +d
L —l— e

e +p+p (CC)
v+ p+n (NC)
U+ e (ES)

o(ve)

———— = 0.340 £ 0.023 £ 0.030
O(Ve) + @(Vpr)
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B, (¢ 10° em2s7)

SSM verglichen mit @, — @

e

cemm (e 68% CL.

—— 0, 68%, 95%,99% CL.

L]

4l

3 "1 SSM

, - - ¢z_lgﬂ 68% C L , = Standard-
- dore” 68% CL. sonnen-
- J modell

[ s 68%CL.
I ¢ 68%CL.

ple v oo L v by | | I T I I
0.5 1 1.5 2 25 g 15
d, (¢ 10" em™ s

=
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Reaktor-Antineutrinos: Kaml.and

Notwendige Information zur Interpretation der Sonnenneutrinos

4 1Em

& 16.5m
& 13m

KamLAND 1 surrounded by 53 Japanese power reactor umits

Erwartet:
Beobachtet:

365.2 +23.7 Ereignisse
258 Ereignisse
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Atmospharische Neutrinos

electromagnetic
shower

» + Kern

e 0z oz oe 1q
(== 4
«— —>

p://ale.physics.sunysb.edu/~jimhill/Winter2001 l'alk/node6.html
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Atmospharische Neutrinos

Super —karniokande 545 days Preliminary

100 —

| multi-GeV e-like
150 —

1 | multi-GeV mu-like (FC+PC)
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—

Data / Monte Carlo

o
&)

BN
by

e e-like
FIG. 4. The ratio of the number of FC data
o u-like events to FC Monte Carlo events versus reconstructed
L/FE,. The points show the ratio of observed data to
ol vl ol MO expectation in the absence of oscillations.  The
1 10 102 10°  dashed lines show the expected shape for v, < v, at

L/E, (km/GeV) Am? = 2.2 x 1073%eV? and sin?20 = 1. The slight
L/FE, dependence for e-like events is due to contami-
nation (2-7%) of v, CC interactions.
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Neutrino-Oszillationen (Formalismus)

Favour-EZ
(def. durch CC-Kopplung an | *)

zeitl. Entwicklung der
Massen-EZ:

zeitl. Entwicklung der
Flavour-EZ:

Flavour-Oszillationen:

— v, ZEM J, Massen-EZ
2,
vi(x) = e "' 1, (0)
3 2
e ziﬂjx
V() :Zb‘m e 2= 1 (0)
1=1
3 3 )
va(@), = D Ut e™ ) Uy
A=1 i=1
P(vy — vg; @) = |(13(0)|va(@))
. ; . 2 Amd;
Py, —vg x) =0, —4 Zé:}? Re(Ux,UsUy;Ug, sin® —=4
. Am?
+22 i Im(U U UyUj; sin — 2o
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3-Generation-Neutrinomischung

PMNS Mischungsmatrix (ohne Majorana Phasen)
* 3 Mischungswinkel: 6,,, 8,5, 0,5
* 1 CP-verletzende Dirac-Phase: 6

‘vY (1 0 oY ¢, O se“Yc, s, Ofv
v, 5|0 Cy3 Sy 1 0 |-s, ¢, Ofv,
) 0 =Sy i f-8€° 0 ¢y [0 0 1lw,
Outm 0,3, 0 Ol
LA VAVAVA __Vr_
Ve { P IAVAVAVAY : } Ve _
v3 "VVVVN __Yu_




3-Flavour-Mischungsmatrix

wie bei CKM-Matrix: 3 Winkel + 1 Phase

1 0 0 1z 0 sp3e c1a  s12 0
U= 0 93 8o 0 1 0 —819 €19 0
0 —S899  Cog —Slgt?é{j 0 13 0 1 0
C12€13 512C13 s13€7"°
= —S512023 — ‘3123235’135@ C12C23 — S12-i-?'grs.—913*’:?‘“i 523C13
512523 — C12C23-5'13€""'5 —C€12523 — —912023—513ﬁ?é5 C23C13

Ergebnisse sin?fy5 =2 0.31, sin?fys ~ 0.50, sin6fy3 =~ 0

ng = ‘338@ 9;3 = "—15,UO, 913 == Oo

— ganz andere Situation als bei Quarkmischung:
2 grolde, 1 kleiner Winkel (oder =0)

= Wolfenstein-Parametrisierung nicht moglich
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Reaktor- und Sonnenneutrinos

1.2x10™
b) )
q = '
- Am?=7.9718x10""eV? and tan® #=0.401]}2
1x10™ —
s
= s
T B0
-]
5}(1{]-5 | KamLAND+Solar fluxes
B a5 cL
§9% C.L.
B i so73%CL
B global best fit
4)(1{:'-5|||||||||||||||||||||||||||||
0.2 0.3 0.4 0.5 0.6 0.7 0.5

tan” 0
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Atmospharische und Beschleuniger- Neutrinos

2
Am; 2 Ind.f= 20.5/13.0= 1.6

0.006
¥ MINOS Best Fit

0.005 —
B MINOS 68% C.L.

0.004— — MINOS 90% C.L.

0.003—

0.002 :_ —— SuperK 90% C.L. k
E Super-K (L/E)

0.001—
N K2K 90% C.L.
B ] ] ] ] | | 1| ] | ] ] ] | | | ] ] ] | ] | | | | ] ] ] ] | ] L1 ] | ] ] ] ]

8.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

sin®(20,,)
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Massenhierarchie

A2 — o2 o2
Amis = my — my

A 2 — |
Amiig3 = My —

~79.1077eV? (>0, festgelegt)

2

5 M5 — M

2
~24.10"%eV?

2

A [/ AL AANNNNNN

2
(Mass)2 AMatm

NV A 0]
J
v S

= Aufspaltung in effektiv 2-kompon. Mischung

fur jeweils solare und atm. Neutrinos
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2-Komponenten-Mischung

. _ Ve \ cosfy  sinfy 2
Vakuum-Losung: ( Y, ) - ( —sinfy  cos By ) ( Vs )
., Am?

P(v, — v z) = | < v(2)|r.(0) > |* =1 —sin“ 26, sin

drEn E eV?
L f — — 2—18 A
YT Am2E o (I\IP‘» ) (_\??13)

o, L{km)
V) EGev)

Hermann Kolanoski, Astroteilchenphysik WS09/10 - 5.Neutrinos 20

&m (L 4E]m17’r$m [



Pendel-Neutrino-Korrespondenzen

Pendel Neutrinos
Lineare Schwinqung Kreisbewequng des ,Phasenzeigers”
Feste Moden Massezustinde
Mischung wegen Kopplung Flavor Mischungsmatrix
=> Aw’ ~ kIM => Am?
Oszillationsfrequenz der Pendel | Oszillationsfrequenz der Neutrinos
~ Aw? der festen Moden ~ Am? der Massezustinde
Amplitude? jedes Pendels Wahrscheinlichkeit, Neutrino zu finden
i |2 4TE [ [
1 _Imz—m%
Anmerkung: ‘
nicht-maximale Neutrino Mischung Pye-»ve
tspriche Pendel mit ¥
entspriche Pendel mit 2 g o

—
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L, =30kmxE(MeV) Derzeitige WerteL,,=1kmx E(MeV)

Am?,.= 2.4 x10%eV2 | AmZs=25x10%eV2 | Am?2,=0.08 x 105 eV?2

,schnelle” Oszillation Jangsame” Oszillation

L,,=1 km x E/MeV L,,=30 km x E/MeV

923 == 4’50 913 < ’IOO 612 — 52 +5’_2o

o konsistent mit tri/bi-maximaler Mischung

Upyns #

Hartison, Perkins, Scott '99,/02
= —7= | Z.Xing,’02, He, Zee, ‘03, Koide ‘O3
Chang, Kang, Kim ‘04, Kang ‘'O4

|
| =

w
N
N—

Hermann Kolanoski, Astroteilchenphysik WS09/10 - 5.Neutrinos 22



Realisation als gekoppelte Pendel

BT IIDIIIIIIIID X

- I +
(i Wy Wy Wy Wy Wy Wiy Wiy Wiy W

vz = ( -V, + V)2

Vo= (=V.+ Vv, + V)3

Vi=(2v,+Vv,+ V)6

mA nhormal invertiert O/27 o
VI VYV, 46/minl P I
v, I
V, I 43/minl 1 I
v, TN v, 42/mir] P, I
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Solare Neutrinos

nhukleare Fusion: (ohne MSW Effekt: Produziere 100% v..)
4p > “He + 2e* + 2v_ + 27 MeV

Vakuum: langsame Oszillation mit 0,,, Pendel: schwache Federn

Anregung von (v, — v, )/N2 nicht méglich, weil v, nicht in v,
Oszillation nur zu (v, + v, )/\2
P(v.,2 v.) >50% da nur v; und v, beteiligt

Hermann Kolanoski, Astroteilchenphysik WS09/10 - 5.Neutrinos 24



Atmospharische Neutrinos

¢ Kamiokande 2000:
beschrieben als v, 2 v,
e Pendel:
V, : schwache Feder zu v v,
V,,: schwache Feder zu v, .
starke Federzu V.

ulti-GeV e-like ulti-GeV |-like

Number n{JEvents
z

Interactive Neutrino Oscillation Laboratory

Ge
0.009
2=0.333 0.816 0.577 0o e mu = B.453
3 =0.500 -0.40 0.877 0.70v7 i tau=0.990
0.408 -0.57 0.70v7 tau
compoasition of the composition of the
initial neutrino 1 2 3 3.0 GeV flux at 5000, km
interms of mass eigenstates in terms of flavor states

http://minos.phy.bnl.qov/nu-osc-
[ b/SU ! h teilchenphysik WS09/10 - 5.Neutrinos 25



http://minos.phy.bnl.gov/nu-osc-lab/Superposition1.html

MSW-Eftekt

; d oy 1 m?
dr Vg N 2p 0
Vakuum: ) |
L0 Ve \ ﬂ\ﬂl-‘fg — cos 26
2\ v )T 1 sin 26
VX ' VX
NC (x=e, u, 1): : Z0
e ’ e

CC-Wechselwirkung der v, in der Sonne ~ N

T P ] _
N, =~ 6-10% ¢m—?

0

=

dr

L/

e \ | [Ami,
ve ) | 4p

( (

0
m?2
sin 26
cos 26

beir=0
—cos 26 sin 260 N
sin 260 cos 24

I I+
. ) _ Hﬂ( l ) Massen-EZ
/s U—z
) ( Ve ) = Hy ( ve ) Flavour-EZ
Ly Vi
Ve : e
CC: W
e : Ve
e ?TI)::J@?PNHT}

>
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MSW-Eftekt: adiabatische Losung

f_} Ve \ i\i'ﬂ--f-z —cos 260 sin 26 N Vir) /1 0 1,
L ve )| 4dp sin26  cos 260 2 0 -1 Vy

Vir) = x.-"EG’Fff,.( T) N, =~ 6-10%® em—3

Falls H im Sonneninneren quasi-diagonal (V(x) gross) = ~ Massen-EZ = v,

bei adiabatischer Entwicklung V(x) — 0 am Sonnenrand

— vy = sinf v, 4 cos f v,

= Plv.) = sin” 4. P(v,) = cos2 6.
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Adlabatic conversion |- /.|

Non-oscillatory transition QP =sin” 0

1
1

Mixing suppressed interference suppressed

n, > ng Adiabatic conversion + oscillations

Small matter corrections

A. Yu. Smirnov



4p + 2¢ = “He +2v,+26.73 MeV I

a

ersion .
n electron neutrinos are produced
F=61019cm2c¢! I
Oscillat total flux at the Earth
scillations
In vacuum
Gallium (Chlorine SuperK. il 4
Bahcall-Pinsonneault 2000 V . .
Oscillations
In matter
of the Earth

%
3
&

)
=

=
b

=

(]
z.

Neutrino Energy (MeV)



Profile of theleffect

Earth matter
effect

Oscillations with Conversion + Conversion with  Non-oscillatory

small matter effect  oscillations small oscillation  transition
effect
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