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- postulate new particle
-> invisible, since Q=0
- spin %, ...

ﬁ\—"@

@ Electron

4th December 1930
Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graclously ask you to lsten, will
explain to you in more detall, how because of the "wrong” statistics of the N

and l..1G nueled and the continuous beta spectrum, [ have hit upon a desperate

remedy to save the "exchange theorem” of statistics and the law of
consarvation of energy. Namely, the possibility that there could exist in the
nuelel electrically neutral particles, that I wish to call neutrons, which have
8pin 1/2 and obey the exclusion principle and which further differ from light
quanta in that they do not travel with the velooity of light. The maas of the
neutrons should be of the same order of magnitude as the electron mass and
in any event not larger than 0.01 proton masses. The continuous beta
spectrum would then become understandable by the assumption that In bata
decay a neutron 1s emitted in addition to the electron such that the sum of
the energles of the neutron and the electron 1s constant...
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Astronomy: >
Supernovae
GRBS

UHE ‘s

Reactors>8

Air nucleus
Pions
p

2 muon 7 electron
‘neutrinos. neutrino

Super—K
Detector
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The Standard Model

=» success of renormalizable gauge field theories

QED = QCD = SM
UDem = SUB)e= SU®B).xSU2)LxU1)y

e Singlet with respect to all symmetries
e Renormalizability
e Anomaly free combinations of chiral fermions

Many details fixed by Lagrangian: £ = Lgauge + Ltermion + LHiggs + Lyukawa

Lyauge = —3T7 (G, G*] — 3Tr (W, W] — 1B, B* (adjoint representations)

Ltermion = L iy DL+ 3T iy"Dyr (kinetic terms of all fermions)
L T

Lriggs = |D®|* — V() (Higgs potential < SSB)

Lyukawa =~ —gy L®r + h.c.  (fermion masses, CKM-mixing, fermion-Higgs interaction)
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Chiral Fermion Fields in the SM

e Left-handed quarks and leptons: L=(3,0rl, 2, Y=..,Q="T5+Y/2)
e Right-handed quarks and leptons: r=(3,0rl, 1, Y =...Q=Y/2

Field SU(3)C SU(2)L U(l)y
ly
LQ = ( Iy ) 3 2 1/3
Tl 3 1 -2/3
L= ( é“ > 1 2 -1
r, 777 1 1 0
Te 1 1 -2

e SM does not contain right-handed neutrinos r, = vg

e Right-handed neutrinos make the table more symmetric!

e Fermions: Most diverse and the least constrains

e Allowed are extra anomaly free combinations like extra generations, vg

.....
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tandard Model Of particles & parameters
. gauge bosons A3)
=.|Elementary Particles Higgs particle  (2)
‘ ' | quarks (6+4)
szmerallmsoiiimuns - Force Carriers charged leptons (3)
o
Sr:::r‘;gctiuns Strong CP DrOblem (1)
E u ~5 C ~1350 t 175000 IE_%- 1] l tOtal 19
i I3 —1/3 -113 o
" |d SNS L HD e Y ™ SM: 3 left-handed neutrinos
= €=> Z line shape @ LEP
0 0 ALEPH
I; Vl 0?7 V2 07 V3 07 Z 911874 yoak = Hadrons R Mow2
t Interactions = - N3
E wijﬂ . : o s
e 0511 lvl‘ wsss )| T 17772 ngo © .
+Higgs particle my> 115 GeV L |
Energy (CeV)
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Indications Beyond the SM
= “ufeer ) experimental facts:
= GUT Dark Matter
.%D ’ T o Dark Energy
“f ~10°GeV . baryon asymetry:m,> 0
S ‘ g electromagnetic i neutrino masses & mixings
bosons ; ge{e(:t."oweak > precision
weak :
R SUSY
energy ~TeV
Higgs mm) 23U2€ hierarchy problem
Bmy? ~ A2 p
— astrophysics
& 1
3 generations, fermion rep. £osmo o8y
quarks , many parameters (m; ,mixings
leptons- unification into GUTSs ~AGUT
+seesaw
M. Lindner 7
Physics Beyond the Standard Model
Dark Matter
Dark Energy new physics
Baryon asymmetry beyond Standard Model

Neutrino masses & mixings

* SM of particle physics works very well, but m =0
- Band L (LeﬁLp}L‘c) conservation

« indications for new physics connected to electro-

weak symmetry breaking
€= SUSY, DSB, LR, extra dimensions, ...

* the flavour problem

M. Lindner 8
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Majorana Mass Terms

* Charge conjugation for x-ral fields WY=L+R FR'=L°; L' =R°®
*  Fermion mass terms ~ m(ER+ RL )

* v mass terms = Dirac *and* Majorana

— — ¢ ML mp l/i
(v vme) (kW) ()

M. Lindner 9

Dirac & Majorana Neutrino Mass Terms

neutrino mass terms (e, 7r°) ( My mp > ( VL )
. . mp Mp VR
(Dirac & Majorana)

—  SM: my=0, M, =0, M;=0 €= m =0

— BSM: all terms present = general 6x6 mass matrix
* ,seesaw“ e.g.: my~leptons, M;=0, My =10'GeV

— diagonalization =» physical neutrinos:

* 3 light (active) ~m,*/ M, AND 3 heavy (sterile) ~ M

* = lever arm for GUT-scale physics!

M. Lindner 10
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Parameters for 3 Light Neutrinos

ixi . 2 2 i 2
mass & mixing parameters: m; , Am*,;, |Am?;,|, sign(Am?*;,)

10

C12C13 $12€13 S13€”
_ ) ) 3 i i
U= | —sico3 — cias23513€ C12€23 — $12823813¢  $23C13 diag(e®, e,1)

512823 — 0120235136“5 —C12823 — 5120235136“S C23C13
questions: : Ve Vy Vg 2
=» Dirac or Majorana " — T

solar~5x109eV2 | 5
4,

=> absolute mass scale: m, .
. . 2 atmospheric
=> mass ordering: sgn(Am?,,) 10V

=> how small is 6,5, 6,; maximal? ,

= leptonic CP violation ’”22—— Mz
= LSND €= sterile neutrino(s) "' T

=» L/E pattern of oscillations

atmospheric
~3x10%V2

? ?

normal inverted
hierarchical or degenerate
M. Lindner 11

Four Methods of Mass Determination

kinematical

lepton number violation
€= Majorana nature

astrophysics & cosmology

oscillations

Note: Here ~ theoretical perspective
= more (experimental) details: L. Baudis, G. Drexlin

M. Lindner 12
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Kinematical Mass Determination

1.2

. 100

Relativistic kinematics: W

E2:p2+m2; EPQL:EP’; Zosl

80

count rote loud =

o
206 [
. 2 ; 40
Endpoint of decays: Soaf b
/ 20|
3 /
Tritium — He> + e~ 4+ 7. 0.2F ! o
)
o b
0 5 10 15 20------ -3 -2 =1 <)
energy E [keVvl E—E, [eV]

“Elektron-Neutrino”:  m < 2.2 eV (Mainz, Troitsk)
Bounds: “Muon-Neutrino”: m < 170 keV
“Tau-Neutrino”: m < 15.5 MeV

Sensitivity < degenerate v-spectrum

= Oscillations: Am?, < m? = | Y mZ|Us]? < (2.2 eV)?

Future: _ >? €= c.f. comological bounds

M. Lindner 13

Four Methods of Mass Determination

Kinematical

lepton number violation
€=> Majorana nature

astrophysics & cosmology

oscillations

M. Lindner 14
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= 2 neutrinos
plus 2 electrons

=>no neutrinos
just 2 electrons

ve ~®
- - :&: ™ - - - - -
particle
{electron)
\»}’ é N

2v2B decay "°Ge: 7=1.5x102'y Majorana v =» 0v2f decay

ov2p
g

Majorana neutrinos

g

lepton number violation

M. Lindner: Schule fiir
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Double Beta Decay: Mass Parabolas
) /

39/

‘ !;gm;
\5.7s vy

r Bzn \p- /
o \

10 /
A=76 odd-odd—> /
/
/
o /148h
s EC/—*
2 o 16.1h¥ XKr
s | 3Br
[ N 263h ’
Bas\ ™ — 5%

EC 43¢, /+— even-even

Ground states of even-even nuclei: 0"
« single beta decay of Ge76 kinematically forbidden
* double beta decay allowed

M. Lindner 17

Neutrino-less Double -Decay

partrin [ -

p— x o [(mee)| = [ miUZ] <0.35eV ?
=, i

Majorana v  0v2 decay . 7 Heidelberg-Moscow experiment

A

Im
Mee = [m] + |2 - €%2 4 [m{D| - e/

m0] = (Va1
M| = |Uesf?\/m3 + Amd, /
me.
M| = [Uaf2\fm? + Amed,
o R

solar = |U,|? |Us|?, Am2;  atmosph. = |Am2,| CHOOZ = |U.3|% < 0.05

m(7]-e'®

=» free parameters: m,, sign(Am?;,) , CP-phases @,, @,

M. Lindner 18
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m, large = m,~m,

cosmological bound on m, Phase |:
HM-claim =» ,tension®

new experiments:

CUORICINO, GERDA = Phase IlI:
CUORE, Majorana, ...

aim: (Am;;?)12 ~ 0.05eV

Cosmology: syst. errors = X10?
0v2P — nuclear matrix elements?
theory: LR, RPV-SUSY, ...

=» lepton number violation

M. Lindner

m,>small ¥ m, =const. ~ (Am;;>)!?  €=P sign(Am?;,)

Phase II: —Ehﬂ’-b

Feruglio Strumia Vissani

107°

1074 )
107t 1073 1072 107! 1
Lightest neutrino (m,) in eV

19

Four Methods of Mass Determination

* kinematical

e oscillations

* lepton number violation
€= Majorana nature

 astrophysics & cosmology

M. Lindner

20
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Neutrinos & Cosmology

* Dark Matter ~ 25% & Dark Energy 70%
* mass of all neutrinos: 0.001 < Q< 0.02 ,
* baryoni¢ matter Q; ~0.04 =

2>s tures by M. B;af"t'elr_ﬁapn'_ e . *:,- |,

BN e

i - Bt 14 b,
Piesent Day Acceleration

Big Bang

Inflation

Expansion
- BBN, structure formati
- baryon asymme'try,

M. Lindner 21

The thermal evolution of
the Universe:

- speculative physics:
1 0 43 SE€Co ndS 1019GeV:Strings, ...

1032 degrees

M. Lindner: Schule fiir
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10—34 seconds

GUT physics:

10%’degrees oo

M nown physics:
- € => accelerators
103GeV = TeV

M. Lindner: Schule fiir
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0—° secon

3 minutes

(),

1 09 deg rees Synthesis of

light elements

M. Lindner: Schule fiir
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300 thousand

a1

Univ%se becomes
transparen
=» 3K radiatio

6000 degrees

o

1 thousand
million years ~

Q.

Structure formation,
molecules, ...

18 degrees

Astroteilchenphysik, Obertrubach-

Barnfels, October 4-12, 2006

04/10/2006

14



04/10/2006

15 thousand +

million years y .

e ¥

3 degrees

Neutrinos:

. BBN works foF NV=3£_
"~ 330 Neutrinos / cm3
Mass: Neutrinos €= Rest!

M. Lindner: Schule fiir
Astroteilchenphysik, Obertrubach-
Barnfels, October 4-12, 2006 15



04/10/2006

Cosmology and Neutrino Mass

* v's are hot dark matter =» smears structure formation on small scales

T T T T 1 |r=0.000

105 e
I;-ﬂ.iﬂ

or W [0 |

102} 2dFGRS R\ ] o b [, =0.000
& 510 40 100 200

Linear Power Spectrum P(k) [Mpc3]

Welipale 1
. . L g A,-0.000

1o 10.ZWavenum;JZ»r‘k[Mpc:“] ! % i -:l

*WMAP+2dFGRS + Lyo, = ' -jh___|
= mass bound: Em,<0.7..1.2 eV - n —
« 3 degenerate neutrinos k [1/et dpe] Tegmark

= m, < 0.4 eV future improvements: ~factor 5-10 ?
* comparison with 0v2fB, LSND
+ will be tested directly by KATRIN WMAP->

M. Lindner 31

Big Bang Nucleosynthesis

time {seconds}

3‘.‘|{1l]9 1}‘|{1l]9

temp ersture {kelwins)

3x w08 wf

BBN with N!=3 predicts licht element abundances very nicely
=>» more neutrinos make things worse...

M. Lindner 32
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Baryon Asymmetry & Neutrinos

9 .2 O
symmetry

particle anti-particle

matter

>
baryon-

asymmetry ™

anti-matter

. py—NB _ -10
measured baryon asymmetry: 7 = n—f =4(3)-1071°.
Necessary: Sakharov conditions:

* B-violating processes €= sphalerons
* C- and CP-violation €=> contained in model
* departure from thermal equilibrium €=» T <H

.7(10) - 10719

natural explanation of

baryon asymmetry by Ot

B

chemical

/—» potential

analysis

» minimal leptogenesis works nicely

« different interesting variants ... a talk by itself

AL

M. Lindner

33

3
Supernova Neutrinos
. SN1987A neutrino burst
« Collaps of a typical star = ~10%7 v‘s .
o . ¢ Progenitor:

* ~99% of the energy in v*s Sandulaek -69 202 in LMC
* v‘s essential for explosion 15-18 solar masses
* 3d simulations do not explode i

(so far... 2d=»3d, <»convection? ...) o1

| t
+ +
10 aikafs
N ~ Dighe, Smirnov

“Téu = 0.0: .":'l ‘\\“‘\\
g0/ \ wrasaen MSW: SN & Earth /o
;é f \ .01 AN
Ehy /’\ !

ass [ .’If “‘,\:v, (T=5 MeV] Sensitive to . \\\

-F ff . finite 0,; and X A\

. Tf‘;’ o e (T8 M :é sgn(Amz) " )

\\\ Sy ~ ] 20 40 50 80 100 E
o — a
M. Lindner 34
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Simulated Supernova Signal at SK
10

T I TTTT T 1T T TTT | TTTT | T TTT I LU
Accretion
Phase

Kelvin-Helmholtz
Cooling Phase

Event rate [kHz]

0 1 2 3 4 5 6
Time post bounce [s]

Simulation for Super-Kamiokande SN signal at 10 kpc
Totani, Sato, Dalhed & Wilson

M. Lindner 35

Amanda/IceCube as a Supernova Detector
5800
e aatons oo SN @ 8.5 kpc
S seoof & Signal in
%\/ \ 5 ssoof - Amanda
i E 54004, ’
- “ é 5300
5200 ."
5100 *.
50005 o8 10 s
time [s]
x 102
1300 SN @ 8.5 kpc
ool ¢ Signal in
! IceCube
{,»;‘ ’{"': 1 meter © 1260
) E 1240
Each optical module (OM) picks up Cop .
Cherenkov light from its neighborhood 1200
SN =» correlated “noise” between OMs - i
M. Lindner 36
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2 possibilities:

Shock

M. Lindner

neutron star or

Keeps cooling...

Supernova

\

sFirealoe Burst

Cocling of
3 Heutron Star

* impressive signal of a black hole in
neutrino light

* neutrino masses €-> edge of v-signal

Amplitude A" - n'?
P
™~
L]

T T
Core—Collapse SN, =10 kpe
® 2D, Polylicpic EOS

M. Lindner

10 100 1000 10000
Frequency v [Hz]

=> additional information about galactic SN
=> global fits: optical + neutrinos + gravitational waves

=> neutrino properties + SN explosion dynamics

= SN1987A: strongest constraints on large extra dimensions

Supernovae & Gravitational Waves

HF Sources of Gravitational Waves

grav1tat10nal wave emission €=
quadrupol moment of the explosion

Y

Dimmelmeier, Font, Miiller

38
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Neutrinos & TeV y’s

HESS and EGRET:

* TeV y*s from galactic center and galactic plane
* 8 sources observed

* some are at the position of known SN remnants
* others do not correlate to anything known?

Plausible explanation:
-SN shock front acceleration
- y’s from ©t’ decay

= v flux from GC

=» v signal @ km? detectors

n

/7| HE y's @ HESS, EGRET

39

v astronomy & cosmic neutrino sources:

Neutrino Telescopes

* AGN’s
e black holes
e GZK cutoff

M. Lindner

* 7~ neutrino ¥ °

40
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Four Methods of Mass Determination

* kinematical

 lepton number violation
€= Majorana nature

* astrophysics & cosmology
* oscillations

M. Lindner 41

3 L3 L3
Neutrino Oscillations for N=2
u e’
\\ (i=1.n) ut
+ U.. . . +
. w ei Vi v e W
Production X—
Propagation o
Detection d e Ve
p+tp—>d+v, +e* electron scattering
Ve - cosf sinf S n
2 Flavours Ve, Z/M: Vy - —sinf cosé 2
flavour states mixing matrix - mass eigenstates
e Production as flavour eigenstate from W-exchange
e Detection via W-exchange = projection on flavour state
e Propagation as mass eigenstate = use mixing matrix at vertex
e Is a simple QM treatment justified?
M. Lindner 42
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Neutrino Oscillations

2 Neutrinos: v,v,

[ve(0)) = cos@|vy) + sinb |vo)
[, (0)) = —sin @ |vq) + cos O |v2)
o Time, ¢
() = —sin® exp[—EL |11) + cos® exp[—H2L) |uy)
> P Pi=p>m; m? m?
E; = /pi +m; — ~p+5r =ptsE
2
L=c-t Am2:mgfm%:> E27E1:A2’7E1

2v-transition-
probability:

|P<uﬂ — ve) = [(u(B) ve(0))|” = sin® 20 - sin® (AzEL) |

VesVy s Ve =>» 9 oscillation channels for neutrinos
Ves Vs Vg =» 9 channels for anti-neutrinos (assuming 3v !)

M. Lindner 43
Status of Neutrino Oscillation Signals
solar: GALLEX/GNO = SK, SNQw
Reactors: KAMLAND ‘
Beams: K2K, MINOS, \
> OPERA ” atmospheric:
SuperKamiokande
e
T -
Am?, = (8.240.3) * 105 eV?
tan20,, = 0.39 + 0.05 S e
Amiy = @530.6) 103y | | SNDTFMIBORE
tan?0,, =1.0+0.3 S e = =
sin?20,; <0.16 Chooz s [ S
M. Lindner 44
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3 3 3
Atmospheric Oscillations @SuperK
;]350 - 2350 **
T e e s
2200 2200 e
E1s0 E1s0 \
Z100 Z 100
50 £ 50
0 -1 OJ.S l‘) 0‘5 1 0 -1 -4;.5 6 025 1
MGey ol 150 Multh-GeV il » PO
B140 B 3
S e
313: + :izoo ;—'_,_,‘*\;bq Oscillation fit (including K2K):
2wl R N IR scillation fit (including ):
2 2l e AmZ;| = (2.0 +1.0) - 10~3eV?
e i w2 -
01 s Qo 05 1 01 s Qo 05 1 sin” 2053 > 0.85
e 80 signal for v, disappearance
~ 4 Upward Through Gaing u . Vpward Stopping o NOT vy — Ve (consistent with Chooz)
w35 y
%33 3 H ozt o= 1y, > v, (somerT’s seen)
j‘gzi J 08 ,‘,—,_,; e NOT v, — v, from NC/CC comparison
R o | e L/E confirmed by K2K (=~ 20)
1 e S N o o . ) )
05 | 02 £ e sensitivity for L/E-dependence of oscillations
0-1 -0‘.8 'Dlgose'd“ -0‘.2 0 0-1 4;3 "J‘ICGOS'GO‘A -0‘.2 0
M. Lindner 45
: 2
K2K confirms atmospheric Am
— |
I 250 km ™ KEKAccelerator
without oscillation
oscillation with Am?,
4 5
E,"*° (GeV)
M. Lindner 46
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Solar v’s: NC, CC, ES Rates from SNO

-

SK ESJ SNO CC LSNO ES
68% CL || 68% CL 68% CL
o~
N; 61.5.&0}1@__ ) /- b B8%CLL.
o BO8%CL |- —— ) 68%, 95%, 9% CL.
%
A % s

TTTT‘TTTT‘TT

L [ 03 68%CL.

D =D C [ one 68%CL.
cc ¢ E SNO 0
D, . =D +1/6 D 10 [ 0cs 68%CL.
ES e nt F % s oL
(Dcc=q’ +d + P C [ ocs 68%CL.
¢ * T ol v Lo v b v |
Clear proof of flavour conversion 0 05 1 15 25 l3_5
" e (x 1 )

Independent of SSM €=> test of SSM!
No conversion and conversion to sterile v’s excluded by many sigma
~no L/E dependence

M. Lindner 47

KamLAND tests solar Oscillations

26 power reactors are located in narrow band at L~180km from
KamLAND, producing 80GW,,, 7% of World reactor power !!

KamLAND

Fa — Contribution from overseas
" Kamioka Korea 2.46%
: '.'... ; Other countries 0.7%
M. Lindner 48
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80

60—

40

20

Events/0.425MeV

0 2 4

improved tests of L/E:

14 -

12

e

08

6

Prompt Energy [MeV]

Testing Solar L/E with KamLAND

e KamLAND data

— no oscillation

— scaled no osci.
Il accidental

B °C(c, n)*°0

rate plus shape =
oscillations at 99.999995% CL

Best fit: Am?>=7.9"06 ) .x10-5eV?
tan?0=0.46

RERE R R R UNNNNS ARRRUERA

2 6MeV ® KamlAND data
analysis threshold best-fit oscillation.
---- best-fit decay

—- best-fit decoherence

with real
reactor

/distributio

* Super Kamiokande Foo | ::G;mm ﬂl‘%i*—_‘ﬁ_,if o
. [ v Paoveme 7 e idea
KamLAND Mo g ﬂ, . | oscillation
* MINOS o2 [ :;m-o T b pattern
Crr L/E (eaMeV) L,=180km Is used for KamLAND
M. Lindner 49
COIIllllg Improvements
MINOS, OPERA: improved oscillation parameters
MiniBOONE €= LSND
L/E of oscillations €= oscillation/decay/decoherence
KATRIN: absolute neutrino mass
Better 0v2f limits / signals
But why do we need precision measurements?
M. Lindner 50
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The Future of Neutrino Oscillations

=» precision neutrino physics

=> very valuable to exclude / constrain / test
models of flavour (discrete symmetries, ...)

M. Lindner

51

The Future of Oscillation Physics

Am’ and 6; regions =» improved oscillation experiments
=> controlled sources & detectors

=> long baseline experiments with neutrino beams
=> reactor experiments with identical near & far detector

M. Lindner

phase

0

Aims: = improved precision of the leading 2x2 oscillations
=> detection of generic 3-neutrino effects: 6,;, CP violation

X Majorana-

CP-phases

matter effects

52
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o A= Am}, L/AE
e qualitative understanding = expand in o = Am3, /Am3, and sin® 20,3
e matter effects A = A/Am3, = 2VE/Am3; V = 2Gpn,

Py, —v,) ~ 1-— cos?013sin? 2023sin? A + 2 o cos? 013 cos? B2 sin? 2093 cos A

sin?((1- A)A)

w2 -2
P(ve = v,) = sin®20;3sin”6a3 (1—,21)2

sin(AA)sin((1— A)A)

-+ sindcp asin 2612 cos O13sin 2013 sin 2053 sin(A)

A(1-A)
in(AA)sin((1-A)A
+  cosdcpasin 2012 cos O13sin 261 3 sin 26053 cos(A) sin( )Asm((A )4)
A(1- A)
Y
AA
+ o? Sin2 2012 COS2 023SH1(A7)
A2
=> analytic discussion / full simulations lEerve:'ia :It al:- L
=> degeneracies, correlations = (sin?20,;) Al u o , ML, Ohlsson, Schwetz

* select a setup (beam, detector, baseline, ...)
* take ,,most realistic* parameters €-> best guess!
* simulate all relevant aspects as good as possible

Source ® Oscillation ® Detector
- neutrino energy E - oscillation channels - effective mass, material
- flux and spectrum - realistic baselines - threshold, resolution
- flavour composition - MSW matter profile - particle ID (flavour, charge,
- contamination - degeneracies event reconstruction, ...)
- symmetric v /7 operation - correlations - backgrounds
- x-sections (at low E)

¢ determine the potential: ,,true® €=» fitted parameters
« compare only realistic simulations (all relevant effects, errors & uncertainties)

M. Lindner: Schule fiir
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A Powerful Simulation Tool

General Long Baseline Experiment Simulator

Comp. Phys. Comm. 167 (2005) 195,
hep-ph/0407333

http://www.ph.tum.de/~globes

| DN

P. Huber, ML, W. Winter
M. Freund, M. Rolinec

» C-based simulation software (GPL = free)

» extensive documentation & examples

» 3 phase approach:

1) AEDL (Abstract Experiment Definition Language)

2) simulation of an experiment =» 3-v oscillations; scan ,true values*
3) analysis =» event distriutions, ...., sensitivities, ...

M. Lindner 55

Precison with New Neutrino Beams

e conventional beams, superbeams
= MINOS, CNGS, T2K, NOVA, T2H,...

. ﬁ-beams

= pure v, and V, beams from radioactive decays; y~ 100
* neutrino factories
=» clean neutrino beams from decay of stored p’s

sin?((1- A)A)
(1-A)?

Py, = v,) = sin? 26,5 sin? O3

sin(AA)sin((1— A)A)

+  sindop asin 2612 cos f13sin 2013 sin 2623 sin(A)

A(1-4A)
- . . . sin(AA) sin((1— A)A
+  cos dcpasin 2015 cos B13sin 260, 3 sin 2023 cos(A) ( ) ((A )4)
A(1-A)
204 . P
. sin“(AA Cervera et al.
-+ a? Sln2 2012 COS2 023 E ) Freund, Huber, ML
A2 Akhmedov, Johansson , ML, Ohlsson, Schwetz

b (sin?0,;).¢ *or* correlations & degeneracies

M. Lindner 56
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Precision with New Reactor Experiments

L, near detector (170m) Le
identical detectors =» many errors cancel

far detector (1700m)

G

M. Lindner

2 2 2 )
P..~1—sin’ 21913 SﬁAEg’lL - A;nEglL) cos* 013 sin” 201,
R ! =>Double Chooz
E 0'8} ;’itmospheric 9 Daya Bay
£ = Reno, Angra,
O.GT
»sr Do degeneracies )
C no correlations
0'2; no matter effects solar
100_' I1 1I0 LfE (km/MeV)
E=4MeV = 2km 4km 40km 80km
M. Lindner 57
Double Chooz

existing far detector hall

... + another
existing big hall!

58
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Double Chooz and Triple Chooz

0.1

0.05

Sin?26,3 sensitivity at 90% C.L.

0.07 '\FD only

——— ND after 1.5 years
- —-- ND after 2.5 years
-------- ND after 5.0 years
= TC (Obin-to-bin = 0.0%)
. ===~ TC (Gbin-to-bin = 0.5%)

i

003 |
0.02
0.015
sin?20, , sensitivity
0.01 Chooz limit < 0.20
Double Chooz < 0.02
Triple Chooz ? <0.008
GLoBES 2006
0 2 4 6 8 10
Running time [years] Huber, Kopp, ML, Rolinec, Winter
M. Lindner 59
in2
Impact of sin’0,; on 0v2[3 Mass Plot
hierarchical cancellation quasi—degenerate
1 (only normal)
\/_\rmiffs cos 269 s
01} [ v L\ﬂiicﬂ
> [
2
— 001¢
E :
A]Il:;l" >0
2 .2
0.001} | M1C1aCs
‘/’ —/AME L m2stl,
VAmE sty > 7.2
iv’,Tnzq_Si)'g —V/Am3y + misi,
0.0001 — | ;
0.0001 0.001 0.01 0.1 1
‘ﬂ]g‘iqnor - |nl£~i) nor m [eV] ‘ﬂlg?‘nor > |.',ng)‘nur
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* m, versus m,

for sin?20,; = 0.2

for sin?20,;,= 0.03

= Double Chooz

Bilenky, Pascoli, Petcov
Klapdor, Pis, Smirnov

ML,Merle, Rodejohann

Double Chooz and Ov2f3

Disfavored by 0v38

0.1, sin®26;3=0.20

[mee| [eV]
(=]
=

0.001

Disfavored by Cosmology’

0.00011

Disfavored by 0v58

0.1 sin®26;3=003

0.01

[mee| [eV]

0.001

0.0001

\.
N

Disfavored by Cosmology

0.0001 0.001 0.01 0.1
m [eV]

M. Lindner 61
Future Long Baseline Experiments

K2K analysis establish atmospheric oscillations with beam

MINOS running expected precision:

OPERA almost running | 8% for Am?,; , 25% for sin’6,;, 6,,?

T2K construction 4% for Am?,; , 15% for sin?0,; , = 0,,

NOvA pre-approved 3% for Am?,; , 15% for sin%0,; (combined with

T2K), > 0,,,25?, > sgn(Am?,,)

T2KK, T2H, ... R&D !

p-beams R&D precision neutrino physics

neutrino factory R&D

...muon collider

M. Lindner

* every stage is a necessary prerequisite for the next
« continuous line of improvements for beams, detectors, physics

62
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) . .
sin' 6 ,-precision

2 -
Am, -precision

0.4

e
)

I
¢ 8 Papn|Xa TI+S

Relative error at 26
=)

True value of Am3, [10° eV’] True value of Anry [10°7 eV?]

Huber, ML, Rolinec, Schwetz, Winter

MINOS — Sensitivity to sin’ 263 at 90% CL

5% flux uncertainty Degeneracy
e Coreelation
02 B Sysicmarics
CHOOZ + solar + KamLAND

excluded at 90% CL

Luminosity [10% pot]

MINOS sensitivity as a funtion of time:
— MINOS: 3.7 - 10%° pot/y

12,5 years =» modest improvements

=» other objectives
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0,; Sensitivity in the Next Generation

Sensitivity to sin’26;3 at 90% CL

m— Systematic I BAYORE: coming long baseline
Correlation .
Degeneracy t OPERA experiments
D-CHOOZ

1 reactor +2 detectors

Reactor IT

_T %
l T2K

1 next generation long

baseline experiments
NOvA
CHOOZ & Solar
excluded (90% CL) Compare:
107 107! * 5 years each

sin?26;5 sensitivity limit * 5% flux uncertainty
e one order of magnitude improvement for 0,3
e synergies between reactor and accelerator experiments

— reactor anti-neutrinos = only neutrino beams (x-section)

— reactor: uncorrelated 0,3 = combine with beams & resolve correlations
e synergy between beams =~ NOVA at larges baseline =~ matter effects

M. Lindner 65
Leptonic CP Violation — Best Case
assume: sin?20,;,= 0.1 , 5=n/2 =»combine: T2K+NOvA-+Reactor
T2K + NOVA T2K + NOVA + Reactor-II
3 yrs neutrinos + 3 yrs anti-neutrinos T2K + NOVA: 3 yrs neutrinos
I R I | 77 | R R
: 1 ] Am?> 0
[ Ay’ =11 10 afl=o0s8 ] 2
051 L - Am?*<0
[ 1t | ] - 90%CL
. b 10 Iy 1 veees 3G
< 0F — | —
2=} E E| = ' 4
i 1T ' 1
_ 1t I ]
0.5 -+ ! -
L 4 L | B
L I 1L ]
_1'....|'.. el A Foa s o Founy fouadBhlllowntyeool
0 0.05 0.1 0.15 0.20 0.05 0.1 0.15 0.2
sin’20,; sin’20
=> limits or measurement of leptonic CP violation
(... and sgn(Am?) for sizable sin?20,;)
Huber, ML, Rolinec, Schwetz, Winter
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3 3 L3 L3
Sensitivity Versus Time
107
- MINOS . Superbeams _ B—beams
CNGS .
D-CHOOZ neutrino factory
I T2«
_ B NUE pr?tonq
mi . Reactor-II driver?
£ 10 NUE+FPD
g
=
]
g Range
5 €= ~unknown CP phase
& 107 [
o CHOOZ+Solar excluded
? Reactor experiments
_Conventional beams _
OO
2006 2008 2010 2012 2014 2016 2018 2020
Year
M. Lindner 67
The Importance of 6,; for Road Maps
o0 Sensitivity to CP violation at 30
— T2HK sys=5%
B SPL sys=2-5%
—~105 Bl 5100 sys=2-5% i
[ SPL+B100 sys=2-5%
Il NF Ap=2-5%
B -120 DoubleChooz |
5 2010
5]
g —135 DoubleC
;é 158 = result of reactor
- experiments crutial for
~165 future steps
g0 (B2 =>unexpected results
10°3 102 10! crutial for future steps
True value of sin*26)3 (MiniBOONE, .o .)
Huber, ML, Rolinec, Winter
M. Lindner 68
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Observables:
- optical (total energy, surface dynamics, sun-spots, historical records, B, ...)

- neutrinos (rates, spectrum, ...) T pr & ep - H ey,
I———n=_ —r

[ TR R

Pressure el

gravity dmm—
HetHe = Hot2D | | HosHe - Bty
0.02% " _\
Be+ p - "Bey Bot ¢ - MLy
B - 'Be* e’ 7, TLi+p =~ He+He
BBa e Ho+He

Hatp - Hote* + oy,

Topics:

- nuclear cross sections
- solar dynamics

- helio-seismology

- variability

- composition
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Learning from Atmospheric Neutrinos

primary cosmic-ray interaction
in the atmosphere

cascade of secondaries
K

decay of secondaries

neutrinos from decays
of other particles

AN N\

Issues (in flux models):
- primaries (...)

- atmosphere

- cross sections

- B-fields

- shower models

71

Learning about...

* Geo neutrinos = Earth

* Reactor neutrinos =» nuclear physics
» Neutrino beams =» accelerator physics
* Supernova neutrinos =» element formation, ...

 UHE neutrinos = sources

* Flavour:

=> unique information

=> very precise: no hadronic uncertainties
=> different from quarks €=» see-saw

=> tests models / ideas about flavour

M. Lindner

72
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Learning about Flavour

* models for masses & mixings

Ve Vies

Am® (eVz)
8&

10

* input: known masses & mixings
= distribution of 0, ,,predictions*
=> 0,; often close to experimental bounds

Solar MSW . _

S question: why is 0,,so small ?

Was favoured by

€= GUTs

almost all theorists

\r - numerical coincidence
—> symmetry

w* | prefered by nature fun

10"

€= precision!

M. Lindner

10* 10° 107 107 10°
sin’20

73

low energies:

renormalization group running

* mass models

* small masses
* large mixings

« flavour-symmetries
* GUT-models, ...

atmospheric - 45

solar -)300

15°

€ bi-maximal

MSSM example:
Antusch, Kersten, ML, Ratz

A8, versus limit/value

/ b1

reactor =

M. Lindner

3 4 6

mall
12 14 16(_ S
or even
Zero

8 10
log;o (/1 GeV)

74
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Further Implications of Precision

Precision allows to identify / exclude:

* special angles: 6,;= 0°, 0,,= 45°, ... €=> discrete f. symmetries?
* special relations: 0,,+ 0.=45° ? €= quark-lepton relation?
* quantum corrections €=» renormalization group evolution

Provides also measurements or tests of:

* MISW effect (coherent forward scattering and matter profiles)

* cross sections

* 3 neutrino unitarity €=» sterile neutrinos with small mixings
* neutrino decay (admixture...)

* decoherence

* NSI

* MVN, ...

=» various synergies with LHC and LFV

M. Lindner 75

The larger Picture: GUTs

23

Gauge unification suggests that 2
some GUT exists 5 =
O n Y
Requirements: b
gauge unification
particle multiplets €= v, g 3o
proton decay ‘é
'J 1777.2

3. generation

[SU(3). x SU(3), x SU (3),]

SU(5)xU (1)

M. Lindner 76
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GUT Expectations and Requirements

Quarks and leptons sit in the same multiplets
=> one set of Yukawa coupling for given GUT multiplet
=> ~ tension: small quark mixings €=» large leptonic mixings
=> this was in fact the reason for the “prediction’ of
small mixing angles (SMA) — ruled out by data

Mechanisms to post-dict large mixings:
=> sequential dominance
=> type II see-saw

=> Dirac screening
..

M. Lindner 71

Flavour Unification

* so far no understanding of flavour, 3 generations
 apparant regularities in quark and lepton parameters
=» flavour symmetries

=> not texture zeros

Examples:

u _Jlc .| a3), >[<0(3)R

d s . .. SO(3)

Quarks

S(3), xS3
T O ~ [seuso,
‘E_ A4, Z3 a 22
Sle_u vl o S5
1. 2. 3.
generation
M. Lindner .
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GUT *and* Flavour Unification

Example: SO(10) x SU(3)

SO(10)

—

M. Lindner 79

GUT ® Flavour Unification

* So far no understanding of flavour, 3 generations
* Regularities in quark and lepton parameters
 Hints for unification

= GUT group & continuous, gauged flavour group

« for example SO(10) @ SU3)gavour

* Generations are 3
* SSB of SUQ)s1avour PEtWeen Agyr and App,ex

=> all flavour Goldstone Bosons eaten

=>» discrete (ungauged) sub-group survives €=» SSB potential
= e.g. 72, S3, D5, A4, ...

=» structures in flavour space

M. Lindner 80
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electro-weak

@ unification
interaction

Conclusions

Neutrinos probe new physics in many ways!

Newton-ian
gravity

general relativity

M. Lindner
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