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Two Neutrino Oscillations

Pure v, Pure v, Pure v,
2 Neutrinos: P S N
VeVu B DN N L N O
[ve(0)) = cosO|v1) + sinf |vz) NS NSNS NN
|v,(0)) = —sin@ |v1) + cos O |v2) 5
(I) Time, ¢
|v,.(t)) = —sin@ exp[—il}jilt] |v1) + cos 6 exp[—il%t] |v2)
i=p>my m? m2 simple QM derivation with
B, =\pItm? IS ~p+ 5 =p+5p tmple Q
, assumptions:
L=c-t Am? =m3 —mi = FE,— E =42 - equal momentum?
. - coherence, ...
2v-transition-
probability:

VesVy > Vo @ 9 oscillation channels for neutrinos
VesVy > Vo @ 9 channels for anti-neutrinos
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Oscillations in QFT

* is ordinary QM sufficient to describe v—oscillations?

e v’s are relativistic, 2nd quantization, ...
= Feynman diagram of neutrino oscillation:
- energy momentum properties, quantum numbers
= QM limit, coherence, kinematics, ...
- e.g. observation of solar neutrinos in v, channel

u mass elgenstates e
=1..n)
. ei Vi o Ui w’

Production M

Propagation

Detection

p+p>d+v, +e’ electron scattering
solar fusion process 2> v, =» projection on v,

P Aee = ) ‘Uei‘Qezpiaz = ... +MSW
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Neutrino Oscillations in QFT

QFT description of a neutrino !
produced in a decay at rest: initial particle
e |ocalized source and detector
o L =|7Fp— ¥
e initial particle at rest
e target particle at rest

... DIF similar

target particle

Transition probability from Feynman diagram:
&*pp1  d°ppn
P _ _ K /dP / DR —D
< (VLJV’B>7, °Jp 2Ep;  2Ep,,

= leads to neutrino oscillation + avoids confusion ...

‘A(—) (=)
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Kinematics: Equal Energy or equal Momenta?

e Consider e.g. pion decay at rest: 7" — p* + v,
e Neutrino energy and momentum determined by energy-momentum conservation

2
eFor E>m: |pr>FE—§5E E,~E+(1-¢)2k

2

2
m2
withEz%(l—%):%MeV, §:%<1+—’i>20.8

™

= neither equal energy nor equal momentum!

2

ePT= pu -t =pil — BT = —";’EL for L=T

= £ drops out of the oscillation formulae < naive treatment correct
e Shown for m-decay, but valid in general (DIF, N-body, ..., different &)
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Localized Source and Detector:

e Feynman rules for particles of given momentum (=~ on-shell)
= this corresponds to an infinitely extended (non-localized) plane wave

e Localized source (wave packet) and detector in space-time (Azg, Ats), (Azp, Atp):

= Source: Fourier superposition of momenta with 0% ~ min(Ax%, At%)
= Detector: projection on a superposition of momenta with 0%, ~ min(Ax%,, At%)

e Different masses and momenta = dispersion = loss of coherence

L

&

i

V7

VAV
// e separation of wave packets: | Az;; = ‘TEUJ_

iy = 0

/

g =1

- md
=151 U =
- “(Eﬂ’ﬂ

— o coherence condition: Az;; < 0 := U?g + U%)

2F%q

e coherence length: L < TAmZ]

e Oscillations from QFT = Py, (L, T) = |3, Uz, €L BT Ugy |
e Very interesting QM effects (o, decay)
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General 3x3 neutrino mixing matrix:

has (up to) 3 angles + 1 Dirac-phase +2 Majorana-phases: 015, 023, 613, §, P, P

Uuns = U -diag(expli®,], expli®s], 1)

—id
C12C13 S$12C13 S13€
_ i i
U = —S812C23 — C12823S513€ C12C23 — S812823813€ 823C13
) )
512823 — C12C23813€ —C12823 — S12C23813€ C23C13

e Only U enters in neutrino oscillations: | J;}“" := UU Uy iU

. . . Am? L (mz—mz)L
o All oscillation frequencies show up: | A;; := —7— = ——3~

P(Ve, = Vep,) = Oim —4 Y ReJ{F"sin® Ay; —2)  ImJ;" sin 24

[\ 7.>J / Z>‘7 J/

Pcp Pep

= Leptonic CP violation, genuine 3 flavour and matter effects
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Matter Effects and MSW Resonance

Mikheyev-Smirnov-Wolfenstein: coherent forward scattering

Vp —_— -
ZO
e - -
Ve - -
ZO
e - N
ve - -
20
e —= -

Manfred Lindner

Vp Gp —_— - V“
&9 2 @
_ _ _ Lo = flavour universal
e e - — - e
LCC’ = ﬂGFne = onIy Ve
(c)
Ve Ve —= ! —c MSW-resonance energy(Am3,)
+ +
@ T W @ Earth: E,. ~ 10 GeV
- - |
€ © Ve for beams
(d) dominated by average density
Ve Ve Ve P = Paverage + 5/0
W-
© >+<e
e e e
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Baseline & MSW Matter Effect

Beams in Earth Matter:
= electron density profile

as function of radius  Stacy
density errors Geller & Hara

Large L = steep angles

L= 2800km <« 13°
L= 7300 km <& 35°
L= 12750 km <& 90°

L < O(10 000 km)

< mantle

15.0 . T

p [g/em’]

50

10.0 \I\

1 ! I ! 1

I

0.0

0.0 0.2

0.4 0.6 0.8 1.0
x=I/Rg

o Fcsonance = 10 — 15 GeV, matter effects grow with distance L

e Average density profile uncertainties decrease with L =
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Hamiltonian for 3 Neutrino Oscillations in Flavour Basis:

m? 0 0 A+A" 0
H = H+oHoo+0H v = ﬁU 0 m32 0 UT—i-% 0 A’
0 0 m? 0 0

v & matter and 7 & anti — matter =

o A=+ V2GYIB _ oy g

e Y = ¢~ /nucleon p =matter density m, =nucleon mass

e Overall phases drop out: m; = m; — m; = my and A’ can be eliminated

0 0 0 A 0 0
H =.U 0 Am3, 0 U+ 0 0 0
0 0 Am 0 0 0
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e In good approximation Am?, ~ 0
e U can be written as a sequence of rotations: U = Ry3R13R 19

y 0o 0 0 A
H = 1R.Ri3 0 0 0 Ri3Ros +5=Ras | 0
0 0 Am3 0
0 0 0 A 00
=gRes [Ris| 0 0 0 |RF+| 0 00
0 0 Am3 0 0 0
/e (0 e A 0 0
==Roz|[[ 00 0 |+ 0 0 0 ||Ry
(\ e 0 o 0 0 O
I 0 0 0
=spRas [Ris[ 0 0 0 ) (Rys)™'| Ry
I 0 0 A(m§1)

= re-insert Ry = U’ = parameter mapping in 1-3 subspace

Manfred Lindner ITEP Winter School of Physics
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e Different mappings for neutrinos and antineutrinos

e 1-3 sub-space mapping like in 2 neutrino case

2
e Relevant quantitiy | C2 = (%— — COS 2913) + sin” 263
Amg,

e MSW resonance condition for 613 ~0: Am3;, = A=2VE =+ 2ﬂ%tiE

e Effective parameters in matter:

c 2
sin” 263
SlIl2 29,13 = C—i
A'rn’g»l,m — Am20i
Am? (C++1)+ A
A"77’132,m — 2
Am2 (Cy—1)— A

e Corrections due to
2
— Amiy # 0
— non-constant matter profiles = solve Schrédinger equation
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Analytic Approximations
A= AmZ,, L/4E

Pvoov) = o = Am>2, / Am%,, ~ 1/30
. 9 y A = matter potential
sin“((1—A)A
~ SiIl2 2913 SiIl2 923 (( A ) )
(1-A)
. : . : sin sin A)A
+ Sin (5(}}) o sIn 2912 COS 913Sln 2913 S1n 2923 sm(A) ( )A ((A ) )
A(1-A)
i : sin sin((1—A)A
4+ cosdcpasin 2019 cos f13sin 261 3 sin 2023 cos(A) ( 2 ((A )2)
A(1-A)
. A
+  a?sin? 2015 cos? fo3 /(12 )
=>» analytic discussion / full simulations Cervera et al.

Freund, Huber, ML
. . . 2 9 9
> degeneracws, correlations = (Slll 2 613)eff Akhmedov, Johansson , ML, Ohlsson, Schwetz
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1) Unique insight into various sources
e.g. BOREXINO: Be flux, CNO, ... =»stellar evolution

2) Information from lepton sector orthogonal to quarks
=» free of hadronic uncertainties
=» origin of flavour



0,; — just one small Number?

... why care about 6,

- Good to know...

- Leptonic CP violation
- Theory models

Predictions of Lepton Flavor Models

10 I T T T TTTTT T |IIII|I|

o , Albright

EEmEm T

2 - 3 symmetry

Texture Zeros

Number of Models

Al
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Learning about Flavour

* models for masses & mixings

e input: known masses & mixings
=>» distribution of 0,; predictions
=> 0,; expected close to ex. bound
= well motivated experiments

Limit

10 Solar MSW

10" L

Am’ (eV?)

10° |

what if 0, is very tiny?
00 | or if 6,;is very close to maximal?
Was favoured by
almost all theorists

€= GUTs

= numerical coincidence unlikely
=» special reasons (symmetry, ...)

10° | preferred by nature

-11

10

|
3

10* 10

.l =» answered by coming precision

| N el . —
10” 10" 10
sin’20
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The larger Picture: GUTs

2/3

Gauge unification suggests that
some GUT exists

175000

-1/3

Quarks

j ~4500

Requirements:

gauge unification

particle multiplets €= v,
proton decay

Leptons

1. 2. 3. generation

SUB)=xU(1) SUQB)=xSUB3), x SUQ3),

many models...

M. Lindner ITEP Winter School of Physics 17



GUT Expectations and Requirements

Quarks and leptons sit in the same multiplets
=> one set of Yukawa couplings 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 ITEP Winter School of Physics
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Sequential Dominance

mp=|. a b| Mp=]|. x O
c d . 0 vy
> 2 '
_ —1 T a b ac bd
= my=-mpMp-mp=|- FTy T Ty
ac bd c2 d?
T Y T

If one right-handed neutrino dominates, e.g. y >> x

=> small sub-determinant ~ m, .m,
=> m, << m,; (hierachy) and tan 6,,~ a/c (large mixing)

r 0 O sequenatial dominance:
Mrp=|(0 vy O = m, << m, << m; natural
O 0O 2/ x<<y<= naturally large mixings g ging, ...

M. Lindner ITEP Winter School of Physics 19



Large Mixings and Type II See-Saw

Type 1l see-saw:
- rather natural mv=ML - mDMR'lmDT
- interference of two terms

mp and M, may have small mixings and hierarchy
However: M, can be numerically more important

Example: Break GUT - SU(2), x SUQ2)g x U(1)g; =M, from LR
=> large mixings natural for almost degenerate case m,~m,~m,

=> type I see-saw would only be a correction

type I — type Il interference 9 Rodejohann, ML
2> M, ~myM;'m," = interesting possibilities
=>» dominance of one term + perturbation by 2" term =

M. Lindner ITEP Winter School of Physics 20



U_;=0 ; maximal 0,; + small Perturbations

Leading structure from one type II term=» perturbation by 2"¢
Three simple, stable candidates for U ;=0 and maximal 0,,

O 0O O
_ Am% o 5
(A) : /=0 1 -1 L. EV =.\/Am?% NH
1
N O 1 1
m
(B) A 0 0 Le—L,—L. EV=0 IH
-0
1 0 O
(C) : mo 0O 1 L,—L; EV = —mg degenerate
0

M. Lindner ITEP Winter School of Physics
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Perturbation of the Leading Structure

e.g. ‘democratic’ perturbation: / 1 1 1 \

mL~vre|l - 1 1

-1y

e.g. as correction to case (A):

=>naturally large 0,,=1/3 (tri-bimaximal mixing)

D finite 6,;~  \/(Am2,/Am2,,) ~ 1/30

=>» corrections to 0,,-n/4 ~ \/ (Am>2 / Am2, ) ~1 /30
SO

atm

M. Lindner ITEP Winter School of Physics 00’



Tri-bimaximal Mixing

e tri-bimaximal mixing works phenomenologically very well
* mass matrix can be written as a sum of three terms

4 —2 -2 1
m,="2 1 . 1 1 |4

O 0 O

1
1 +ma 1 -1

==

 phenomenologically very sucessful

* tempting to think of it as a consequence of three terms
e typell €= m,m,

* third scale?

M. Lindner ITEP Winter School of Physics
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Flavour Unification

* 50 far no understanding of flavour, 3 generations

- apparant regularities in quark and lepton parameters
=» flavour symmetries (finite number for limited rank)
=» symmetry not texture zeros

Examples:

0(3), x0Q),
SO(3
Ag Z3a 7>

53),x5(3)y

S5(3)

generation

many models...

M. Lindner ITEP Winter School of Physics 24



Discrete Flavour Symmetries

=

e.g. dihedral groups D

geometric origin of D;:

phenomenologically promising example: Dy nagedorn, ML, Plentinger

task: search for mass terms which are for suitable Higges singlets under D,
1) assign fermions to representations L — { L 1 L2 | L3 }

2) write down any possible mass term using arbitrary ‘flavon’ scalars
€= singlet under symmetry

M. Lindner ITEP Winter School of Physics 25



D, Allowed Mass Terms

Dirac mass terms: AZ] L;r (7’0-2 ) ¢L§

Majorana mass terms: AZ] L;LTE ¢ Lj

=> DS symmetry induced mass matrices:

nggsesee mV: L L Mass Matrix
P, ~ 1
®,~1,
Y ~2 H.l-‘z;'.’.% —H.l'c'.-'% K4D?
(1-2, 11, 11) (21, 11) h)L‘% hTQ'Zg"ll Hg(,.’)l
Kty Kall  Ked

=» check phenomenology =» OK + “predictions”

M. Lindner

PROBLEM: many sucessful symmetries

ITEP Winter School of Physics
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GUT ® Flavour Unification

f‘; = GUT group & flavour group
S q “ ” | example: SO(10) ® SUQ3),
2N | ESHTH | LOipeen - SSB of SU3) between A and App, ek

- all flavour Goldstone Bosons eaten
L Y2 SJYs e - discrete sub-groups survive €=>SSB
S1E osuJIH tosee]| T i =» structures in flavour space
1. 2. 3.

= compare with data
l ﬁeneration .

GUT Q flavour is rather restricted
€= small quark mixings “AND* large leptonic mixings ; quantum numbers

> 4 only a few viable models; phenomenological success highly non-trivial

Adulpravitchai, Blum, ML:
no-go theorem: SU(2) or SU(3) + reasonably small representations =» only D’
=» alternatives: e.g. discrete flavor sym. from T*2/Z_ N orbifolds, ... ???

=» aim: learn about the origin of flavour by future precision
M. Lindner ITEP Winter School of Physics 27
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Flavour Symmetry Routes

- l phenomenolog. _!i I
successful

-

Adulpravitchai, Blum, ML.:

~ no-go theorem for embedding of discrete flavour symmetries:
- SU(2) or SU(3) + reasonably small representations =» only D’

- larger flavour groups = larger representations €=» new particles?

Alternative attitude concerning discrete flavour symmetries:
- other types of embedding of discrete flavour symmetries
e.g. discrete flavor sym. from T*2/Z_N orbifolds, x-dra dimensions...

- direct embedding into continuous flavour symmetries

M. Lindner ITEP Winter School of Physics



Renormahzatlon Group Runnlng

hich energies:
* mass models

. . * flavour-symmetries
 large mixings * GUT-models, ...

atmospheric = 457

low energies: |renormalization group running
* small masses

7€ bi-maximal

solar 930

MSSM example:

15° Antusch, Kersten, ML, Ratz

A6, versus limit/value

/ 01

reactor =2 T : : = = = ; 66 Small
log,o(11/1 GeV) or even
Zero

M. Lindner ITEP Winter School of Physics 29



* Precise angles, phases and masses!
* Potential for other physics!
* Unexpected effects?



Other effective Operators Beyond the SM

=> effects beyond 3 flavours
=> Non Standard Interactions = NSIs =» effective 4f opersators

LSt~ €02V 2GpWrs v* via)(fLrefL)

* integrating out heavy physics (c.f. G, €= M,,)

M. Lindner ITEP Winter School of Physics 31



NSIs & Oscillations

Future precision oscillation experiments:
- must include full 3 flavour oscillation probabilities
- matter effects

- define sensitivities on an event rate basis
=» Simulations with GLoBES

- x-sections (at low E)

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 /T operation - correlations - backgrounds

precision experiments might see new
effects beyond oscillations = NSIs!

M. Lindner ITEP Winter School of Physics
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NSIs interfere with Oscillations

the “golden” oscillation channel NSI contributions to the “golden” channel
N+ /1,+
Oscillation No Oscillation
- Vy > Vy
o NSI -.-_ﬂ:. /1
W / * e e %%
et
f >
u K d U
(a)
,+
No Oscillation
Vy >
-+ e e .
d u d U

note: interference in oscillations ~¢ |\ FCNC effects ~¢?
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NSI: Offset and Mismatch in 6,

redundant measurement of Bﬁ
1 s+ | Double Chooz + T2K
*=assumed ‘true’ values of 0,;

i

scatter-plot:

- € values random

- below existing bounds
- random phases

<
-
n

<
-
o

NSIs can lead to:

- offset
- mismatch

Sin?26,5 (D—Chooz)

O
=)

- l Chooz 90% Excluded

001 0.02 005 0. => redundancy
Sin’26,5 (T2K) =» interesting potential

Kopp, ML, Ota, Sato
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6. Neutrino as Probes into Sources

. 1Supedhova 1987A, (23
?9;‘, .,‘.‘. Februar 1987
f.. . ‘\:‘ ¢ "»" b .

' " T:,.--._“ -

=>unique insights into sources!
€= connections to many fields

M. Lindner ITEP Winter School of Physics
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Solar Neutrinos: Learning About the Sun

Observables:

- optical (total energy, surface dynamics, sun-spots, historical records, B, ...)
- neutrinos (rates, spectrum, ...)

Topics:

- nuclear cross sections
(at finite T ~ few MeV)

- solar dynamics

- helio-seismology

- variability

- composition

M. Lindner ITEP Winter School of Physics 36



Hydrogen Burning: Proton-Proton Chains

p+p— ’Hiet + Ve

p+e +p— 2H+vc

85% 15%

<0.420 MeV 1.442 MeV
100% 0.24%
2K 4 p— e + Y

SHe +3He — He + 2p

3He +*He — 7Bc+y

3He+p—> 4Hc+c++vc

< 18.8 MeV
90% 107 i 0.02 7>
73@+C__>7Li+\/c 7Be+e_—>7Li*+v¢ 7Bc+p—>89+y
0.862 MeV 0.384 MeV 8g _, anc* vet 4y
e
~N P < 15 MeV

TLi+ p— ‘He + ‘He

M. Lindner
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1012

101 |

1010
10
108
Y107
=
9]
~ 1068
e
=
. 105
104
108
102

101

0.

M. Lindner

Solar Neutrino Spectroscopy

T T 3

Pp Bahcall-Serenelli 2005 3

BOREXINO

E

Am?2 = 8:10° eV?
27°<0<38°

Matter
effects

oscillations

Transition
region

1

Neutrino Energy in MeV
ITEP Winter School of Physics
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Borexino tests the Sun

BOREXINO:

the sun in real time
photons ~10ky delay

47+7 events / day /100t
expected:

with oscillation 49+4
without 75+4

M. Lindner

N
(3]

— Fit: ¥?/NDF = 41.9/47

— 'Be: 47+7%12 cpd/100 tons
20Bi4+CNO: 15%4%5 cpd/100 tons

— BKr: 22+7+5 cpd/100 tons

— Ypo: 0.9%1.2 cpd/100 tons

2.0

[y
(8]

o
wu

Counts/ (10 keV x day x 100 tons)
[y
o

300 400 500 600 700 800
Energy [keV]

More to come:

Improved statistics and reduced systematics
=> 3.5% seasonal variation...
= CNO cycle

=>» geo-neutrinos, ...
ITEP Winter School of Physics 39



Borexino: 192 Days of Data

10°E
10° - — Fit: %?/NDF = 185/174
= — 'Be: 49+3 cpd/100 tons
3 w 210Bj +CNO: 2312 cpd/100 tons
103%’ — 8%Kr: 25+3 cpd/100 tons
- — 11c: 25+1 cpd/100 tons
10° g~ e tog
10

Counts/ (10 keV x day x 100 tons)
3

3
llwalmﬂllnw

IIIIIIIIIII lllllllllllll__lllllllll

200 400 600 800 1000 1200 1400 1600 1800 2000
Energy [keV]

1073
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Supernova Neutrinos

SN1987A neutrino burst

* Collaps of a typical star = ~10°7 v‘s

* ~99% of the energy in v‘s

*v‘s essential for explosion

* 3d simulations do not explode ;
(so far... 2d=»3d, =»convection? ...) 14

[+ 5 10 aikafs

______.6.______

15-18 solar masses

energia /MeV

30L

Progenitor:
% Sandulaek -69 202 in LMC

Dighe, Smirnov

MSW: SN & Ear:th>

sensitive to

neutrino distsibution (1071

os | / \ v_(T=3.5 MeV)
) gen

0.2s
oss |- N, V. (T=5 MeV)
L i ke

= L finite 6,; and
. / T sgn(Am?)
g
g ]
energy (MeV)
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Simulated Supernova Signal at SK

10 _lllllll L Illllllllllllllllll_

- Accretion _

B Phase -

~ 8 [ ~
a i _
=, - ’
> 6 — Kelvin-Helmholtz —
= i Cooling Phase }
& = _
- 4 [ _
g = —
Q) — —
> - _
ST - _
O - -

o) 1 Q 3 4 ) 6
Time post bounce [s]

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

M. Lindner ITEP Winter School of Physics



Amanda/lceCube as a Supernova Detector

5800

AMANDA-B10 20 MeV

ez positrons 57002_ ’ SN @ 8.5 kpc

| 5600 Signal in

5500 Amanda

5400 E=, o e

counts per bin

5300 faaitial

5200F .+ < e

T

$ o3 egepepegegpegpegey

T

5100

: " " " PR n " M| PR n P | " " PR
S 0 5 10 15

x 102

13007 SN @ 8.5 kpc
Signal in
IceCube

S
N

3
SN
S
N

St S

% AN

\*\ B
RV i k)

1280}

1 meter 1260

1240-

counts per bin

1220}

Each optical module (OM) picks up L
Cherenkov light from its neighborhood 1200?. e
SN = correlated “noise” between OMs

M=% "5 10 15
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2 possibilities:

Supernova

neutron star or

\

Keeps cooling...

M F e f—Breakout Burst | |
Ve _[['I \ -
o B b Cooling of
ED ‘ = "_H”" Neutron Star
g oL 2 /AN * impressive signal of a black hole in
> - Vi, Yy, . .
! ey neutrino light
.'] /I,' il T W T O o
31/ - neutrino masses €-> edge of v-signal
g Accretion on \
50 _;6; : Protoneutron Star \
0 1 2 3 4 5

M. Lindner ITEP Winter School of Physics



Supernovae & Gravitational Waves

HF Sources of Grcmfahonal Woves

- \
-16 : . S
10 Core—CoIInpse SN 4= 10 kpc : 555555 g
_1 ? ® 2D Polyliopic EOS rlpples in
10 | 2 ® 20; “realislic” EOS ] y : spacetime
% © 3D; Polyliopic EOS
o . s 55

N - = ® Coalescing NS, d=2C..200 Mpg §
I T S G
5:: = g supernova
&= =19 Q ¢
P"‘e 1 0 O % core
- collapse
= 2=
B 10 B
= ) ¢ infalling
E 1 0_21 2 % g layers
< RN ; i

107221 gravitational wave emission €=

=23 quadrupol moment of the explosion

u L | Ll L ::.222%5522 “
1 10 100 1000 10000

Frequency v [Hz]

. \
5 g%é

Dlmmelmeler, Font, Miiller

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

=>» neutrino properties + SN explosion dynamics

=> SN1987A: strongest constraints on large extra dimensions

M. Lindner ITEP Winter School of Physics 45



primary cosmic-ray interaction
in the atmosphere

cascade of secondaries
K

decay of secondaries

neutrinos from decays
of other particles

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

- atmosphere

- cross sections

- B-fields

- shower models




Geo Neutrinos as Probes of the Earth

Crust 0-33 km

Upper Mantle 33-670 km

Lower Manile 670-2900 km

Outer Core 2900-5150 km

Inner Core 5150-6370 km

Y. 3
o 5 f gy’
£ o 4 &
ey
7 »
.'ﬂ' 26

g g
50 4 i B ‘. W ; ‘:7
Bicliino io
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- radiogenic part of terrestrial heat flow ~80 mW/m? =» total: ~40 TW
- test geochemical model of the Earth, the Bulk Silicate Earth
- test unorthodox ideas of Earth’s interior (K @ core, giant reactor)
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Geo-Neutrino Observation at KamLAND
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Expected total backgrounds 127113 BSE model expectation: 19
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Many Connections to other Fields

Nuclear Physics

1on trapps, GSI, ...

Cosmology

o CME (Hanck), LSS, Lensing, ...
LHC@CERN

SUSY, BSM

Lepton Flavour

violation .
Li-et, Li-3e, [i-e conv. Astrophysics
supernova, UHECR,
[ceCube, Antares, ...

Geophysics

geoneutrinos

reactor monitoring
non-proliferation
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Neutrinos probe new physics in many ways!

ipefhova 1987A. ‘23
% Februar 1987:

electro-weak orH- f§%m
@ unification =
interat:tinn)

2 muon 7 eleciron
neutrinos neutrino

Super—K
Detector

general relativity
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