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Large Projects in Neutrino Physics
* ... the scientific case ... in long baseline studies...

* ... physics potential of large neutrino infrastructures

=> Neutrinos are a success story! We learned a lot & more
important results to come: mass hierarchy, leptonic CP, m,,...

=> How to proceed? =» optimal impact, minimal risks, versus effort!

- beware of assumptions: €=» prospects for more
=» do not restrict theory space if you don’t understand why

- best scientific progress €= balance big versus small
-> we would love to do table-top experiments €2 R&D for new ideas
- avoid the ‘Dinosaur’ route...

=>» Include physics results & technology developments expected on

the project’s time-scale - is the scientific case alive, stronger, weaker
when results materialize?

M. Lindner, MPIK APPEC @ Fermilab



Theory: The SM —a Synergy of Concepts

B . |QED >QCD > sM
d=4 QFTs: U),, SUB): SUQB)xSUQR), xU1)y

Physics: concepts (variables) © equations / principles
initial conditions = predictions

electrodynamics- N territory of speculation:
relativity — QED LR? TC? ...?
quantum mech. | —SM -SM+  SUSY? GUTs? TOE?
strong force 2> QCD extra d.? A
weak decays + Higgs, x-ral | | 28 I

+ neutrino masses — N :

+ dark matter ... 2> ? N I

S I

+ ...7? So

gravity weak scale <<<< M, 1anck

Note: GR non-renormalizable... maybe good: QFT’s cannot explain scales=> other concepts
M. Lindner, MPIK APPEC @ Fermilab 3



Indications pointing to SUSY + GUTs
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flavour problem: 3 generations
quarks , many parameters (m;,mixings)
leptons‘ unification into GUTSs
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Gauge unification suggests GUTs

- unified gauge group

- unified particle multiplets €= v,
= Q,L Yukawa couplings connected
= proton decay, ...

- generations are just copies

The larger Picture

Quarks

Leptons

1. 2. 3. generation

SUG)xU()

U)X SUB), xSUC), generations €-> symmetries

M. Lindner, MPIK

- 3 generations - representation

- regularities in q&I parameters
=» flavour symmetries:

SU@3), A4, S3, D5, ...

IMPORTANT = flavour problem

€= how precise do you have to be?

depends on question and value
APPEC @ Fermilab



BUT: Nature doesn’t always behave the way we think...
Croft THIS WASN T PREDICTED
SHOULDWEDO?

i

LARGE
HADRON
COLLIDER
flavour
LFV

DM, DE, ...
cosmolog

Neutrinos
¥ | Wwith large mixings
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Proton Decay in GUTs

* Quarks and leptons fit nicley into GUT multiplets
=» GUT gauge bosons =» proton decay!

uy X et 2\ 2
P S
P ug dR:|
0
_d *d

Mz) P

* Non-observation =» higher GUT scale or ...no GUT?
=>»SUSY GUTs: higher unification scale (+ no signal so far)

- other decay modes
- different (model dependent) scale dependence
- other connections to model building (SUSY breaking, ..)

=>» Other BSM models? If nothing shows up @ LHC?
=>» Large p-decay exp. now: High impact & high risk

M. Lindner, MPIK APPEC @ Fermilab



Why is this relevant for Neutrinos?

e The findings of LHC impact expectations for neutrinos:
- SUSY <= neutrino mass terms
- W, €= Majorana Yukawa couplings...

- nothing €-> new ideas about EW symmetry
breaking (e.g. conformal...)< - neutrino masses

 The running may have a big impact:
- the onset of a signal = continue running (postpone upgrade)
- technological issues...

 Political impact €-> large machines after LHC

* Sociological impact:
interest into various directions may change

M. Lindner, MPIK APPEC @ Fermilab



Neutrino Masses: New Physics...
Simplest possibility: assume 3 right handed singlets (1,)

Vi &y Vp VR VR c
: —X— > i ) 0 mp\(v;
. 1 L R
X Majorana m, Mz)\v,
<p>=v ,E
like quarks and charged +9+ new ingredients: =» SM+ | | 6x6 block mass matrix
leptons = Dirac mass terms 1) Majorana mass = scales block diagonalization
(including NMS mixing) 2) lepton number violation My, heavy = 3 light v’s
Or: add scalar triplets (3;) ‘i i3 Vi Vo s 13 0 Vi
or fermionic 1, or 3, X X

X X
=»left-handed Majorana mass term:

M. Lindner, MPIK APPEC @ Fermilab
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Both v, and new singlets / triplets:

D see-saw type IL 111 m,=M; - mpMympT

Higher dimensional operators: d=5, ...

ey W\,
l | = K & Lugss = k- 70, 8T
N > M, LL*
Radiative neutrino mass generation . .+ »

SUSY, extra dimensions, ...
=> neutrino masses can/may solve two of the SM problems:
- leptogenesis as explanation of BAU
- keV sterile neutrinos as excellent warm dark matter candidate
=» assumptions = new physics €-> connections to LFV, LHC, ...

M. Lindner, MPIK APPEC @ Fermilab 10



Standard 3 Neutrino Framework

Mass & mixing parameters: m, , Am?,,, |[Am?,,|, sign(Am?,,)

)

C12€13 | $12€13 - Size .
U= —s1pc3— 012823813{31(s C12€C3 — 312823813615. $23€13 diag(e'®, ef,1) |
812823 — 0126238131‘32‘S —C12823 — 812023813€uS C23C13
Questions = the default program: : Ve Vi Ve 2
=» Dirac / Majorana L 7
=> overall mass scale: m, ;SOlaf~5><10"5€V2_ n,?
=> mass ordering: sgn(Am?2;,) atmospheric
= 6,; maximal? ~3x107%eV? .
=>» leptonic CP violation AmospLerL
ep My~ ~3x10-%eV?
solar~5x10~¢V? )
. - Y -
=> guaranteed physics €= value
=>» Picture may be INCOMPLETE: 2 9
- evidences for sterile neutrinos 0 ; 0
normal inverted

- new ideas on EW symmetry breaking

M. Lindner, MPIK APPEC @ Fermilab

hierarchical or degenerate
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Options for Neutrino Mass Spectra

3x3 matrix M,, m,, M,, may have
3 0. 3xN NxN almost any form / values:
\ l l - zeros (symmetries)
- 0 + tiny corrections
_ - M. m vV, y
( v, V¢ ) - scales: My, Mcyps ---
m, Mk Vi =» diagonalization: 3+N EV
=» 3x3 active almost unitary
M, =0, mj = My, M, singular M, =Mzg=0 M, =M;=¢
M =high: see-saw singular-SS Dirac pseudo Dirac

active

M. Lindner, MPIK APPEC @ Fermilab 12



 Might be useful / indications (?) from SK-upturn
(see e.g. A. Smirnov)

 May also be useful in HE neutrinos and GRBs

(see e.g. Esmaili and Farzan)

 Theory ideas
- mirror worlds (e.g. Joshipura, Mohanty, Pakvasa)
- implications for 0vEp (e.g. P.Gu)
- role in leptogenesis (e.g. Abel, Page)
- left right symmetry and gauged B,L (e.g. Duerr, Perez, ML)

- ... sugra (e.g. Dedes)
- ... many other papers



S. King Mcgcut

Sterile neutrinos Classic See-saw (Leptogenesis)
= right-handed
neutrinos TeV

Low Scale sSee-saw (LHC)
(wo SM charges)

GeV NU-MSM
BAU
There waa Y be MeV
0/1,;2.,3, ...
. , WDM
stertle neutrinos keV

eV LSND, Reactor Anomaly, ...
meV Extra radiation (Planck)

Message: sterile neutrinos may exist with any mass!

= effect on oscillations and other experiments
One example: multi-TeV steriles with tiny mixings improve EW fits

M. Lindner, MPIK APPEC @ Fermilab 14



NSI Operators

* Good reasons for physics beyond the SM+ (with v’s)
= expect effects beyond 3 flavours in many models
=» effective 4f interactions

Lnst ™ €52V 2Gr(Vrg v via) (fLpfL)

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

M2

€] ~ MQW
NSI

Grossman, Bergmann+Grossman, Ota+Sato, Honda et al., Friedland+Lunardini,

Blennlow+Ohlsson+Skrotzki, Huber+Valle, Huber+Schwetz+Valle, Campanelli

+Romanino, Bueno et al., Kopp+ML+Ota, ...

M. Lindner, MPIK APPEC @ Fermilab 15



NSIs interfere with Oscillations

the “golden” oscillation channel NSI contributions to the “golden” channel
put pt
Oscillation No Oscillation
Yy > U,

oo NSI -._ﬂ‘ /1

W e~ >

4 et
" Vi
()
vV,
d o

d U u

note: interference in oscillations ~¢ €= FCNC effects ~¢2

M. Lindner, MPIK APPEC @ Fermilab 16



NSI: Offset and Mismatch in 0,

T2K / Double Chooz

Redundant measurements:
Double Chooz + T2K
*=assumed ‘true’ values of 0,

i

<
-
On

scatter-plot: € values random
- below existing bounds
- random phases

<
-
]

NSIs can lead to:

- offset
- mismatch

Sin?26,; (D—Chooz)

O
=)

=» redundancy
=» interesting potential

0.01 0.02 0.05 0.
Sin?26,; (T2K)

In general: over-constraining €=» test of non-minimal scenarios

M. Lindner, MPIK APPEC @ Fermilab 17



Time Evolution & the Physics Case

In next years: Improved 3-v global fits combining T2K, NoVA,
Double Chooz, Daya Bay, RENO see e.g.T2K 1405.3871

< 7 1 9 Islands in §-6,, space for positive

2 1 and negative mass hierarchy (here +)
:

o 1 - Minimal 3 neutrino framework

: P Preliminary 1 = how precise to ‘learn’ something?
o (= wamow | - Eyidence or arguments for other
S Y “wmasew | @Xtra physics (sterile, NSI, BSM...)
3L, 1\ i _4 - Further input from other (earlier)

1 Il 1 I 1 l\‘ 1 I 1 1 1 l 1 1
0 0.02 0.04 0.06 0.08 0.1

sne,) experiments (like PINGU & MH ...)

Physics case will change before new large experiments come
online =» long term projects: Stay flexible as long as possible!

M. Lindner, MPIK APPEC @ Fermilab 18



Double Beta Decay

Q t Mftss parabolas of speci.al nuclei: . odd-odd even-even
* single B-decay energetically forbidden
757n « double beta decay allowed T6Rb
=> even-even nuclei: °Ge, ... B+ :
B °Ga ]
‘ f 1Ky !.'
: “Br_»'EC
B ;

| | >

30 31 32 33 34 35 36 37 Z

Double beta decay: 2n > 2p +X; q, = -2 ; energy Qg goes ~ into X if my<<GeV

1) Standard Model: 2 weak decays X=2e" +2v, =» 2v beta decay

2) Beyond the SM: X=2¢- =» (v (neutrino less) double beta decay =» L-violation
Options: Majorana neutrino masses *OR* other AL=2 operators

M. Lindner, MPIK APPEC @ Fermilab 19



Double Beta Decay Kinematics

2vpp e 2vPP decay seen for diff. isotopes (Kirsten,...)
s NN TV2=0(10'8-10%! years) = up to 10! ® T

Universe

SM
OvpP decay :

Intensity

2vpBP decay

0 0.5 1.0 1.5 2.0

T2 > O (1 024y) Kinetic energy, MeV I

* observe 2vpp signal

* look for Ovf3p signal at Qg
* large amount of °Ge nuclei
 extreme low backgrounds!

M. Lindner, MPIK APPEC @ Fermilab 20



m_: The Effective Neutrino Mass

Moo — |mg}e)| 4 |m£)| ei®2 o |m§é)| i3

A
Im

M. Lindner, MPIK APPEC @ Fermilab

m)| = |Ual|®m . [m | e
0. 1P,
mBP| = |U., 2\/m% + Am3, / Im-e
mCC
mg?é) — |U.s 2\/m% + Am3,
|mi. Re
hierarchical cancellation quasi—degenerate
1 (only normal)
Ovpp by Majorana masses V/Amicly cos 2612 .
[ ] [ ] \
= limits on m,, - / \/—Arqge;;, ’
. > JEL/A0008 Amy®<0 \
* cosmolo 2 001} {
éi mo—iig,
i A1 0
® 3 o % % i YOt
assumptu‘m. no oth.er 0.001 o iy Y
AL=2 physics, no sterile ix/\/A;{;f‘l;i A,
. 0.0001 A | -
_neutrinos up to TeV,... 00001 0,001 001 01
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Double Beta Decay Processes
Standard Model°

—|— /Z“\M = 2 electrons + 2 neutrinos
2vpPp

3 decay

3 decay

Majorana v-masses or other AL=2 physics: = 2 electrons

d - - ug d, uL d© - - e O'\/ﬁ ﬁ
> -

w eL_ A j
e w 3 ' u
L ——— G [ N N
v 5—— é
e | u
dp > > uL d; > > up d° = > e~
Majorana \ SM + Higgs triplet SUSY }
neutrino masses
<-> Dirac? important connections to LHC and LFV ...

sub eV Majorana mass €-> TeV scale physics

032

M. Lindner, MPIK APPEC @ Fermilab



Interference of AL=2 Operators

Usually (T{%) -

with interferences

LIS
0 v

vX
wo

2
|mOVﬁﬂ| |M0u|2G0u
M, |
Ov -1 Ov eZGint
(T1/2) = |moypgM™" + emeME| -
e
= |(movpp + emeM (M) "M ?
) Gint
. nt (2] A 402
— Imbl/ﬁﬂl |M VI mg ’

Gint

me

d 4“%_ u d u
d u d u
3 ¢
u / : & %c
d u d u
I

Gint
em.M¢ <=2 determ

= overall phase space factor

ined by parameters of new physics

Miyss = Moygg + emeM(M™) ™!

m, ~ (A,,)”°

M. Lindner, MPIK

my.;=1eV €2 A

~TeV

new —
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observed effective Majorana mass [mg.% | [eV]

100 . .

bt | o o
Ime| =0 Ime| = 10-3eV : A
10—1 3 '/' I E m
\\\‘;0:030?/
e
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------ 1P,
1073 -
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TS Re
10-1 A0 | Ry
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lightest neutrino mass m,,;, [eV]

0 00 w0 winterferences
growing m_ for fixed Ovf33

best fit norm. ordering - shifts of Masses,

30 norm. ordering

mixings and CP phases

best fit inv. ordering

30 inv. ordering
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—> sensitivity to TeV physics

APPEC @ Fermilab 24



Schechter-Valle Theorem induced masses

- Any AL=2 operator which leads to 0vgf decay induces
via loops a Majoarana mass

- Observation of Ovp = proof of Majorana nature...

W (k1) d(g1) d(g2) W (k2)

u(k1 + q1) u(kz + g2)

- - -
v°(p) e(p+ k1) e(p — k2) v(p)

Outcome: Diirr, ML, Merle
4 loops & dm, = 1028 eV = very tiny (academic interest)
=» cannot explain observed masses and splittings
=>» explicit Dirac neutrino mass operators required

Ovpp €=>» other BSM physics
neutrino masses €= Dirac

M. Lindner, MPIK APPEC @ Fermilab




Important for OvAP Future: Sensitivity vs. Background

without background

N = log 2 Ny M-t
I
1/2
N, = Avogadro’s number
W = atomic weight of isotope
¢ = signal detection efficiency
M = isotope mass
t = data taking time

1000 T

S
E N
5 > | mas =K\ -
with background
100 | N =N + Nbackground
c AE\1/4
" D=k Vi ()
1 10 100

exposure (kg year)

ton-scale > c = cts/keV/kg/yr ; AE = ROI

HdM/GERDA: stay bg free! > demonstrate! 2> kg*y €= mass versus time

M. Lindner, MPIK APPEC @ Fermilab 26



Bw Atoms
4.9%
Dark Sectors

from Dark
__I_uininous disk Matter

i exist! 26.8%

c)

- ‘nucleo-synthesis

£ AOTS

g
L.

7 B

cosmic microwave radiation il . .structure formation . [ collisjons of cltgsters" A

M. Lindner, MPIK APPEC @ Fermilab




The Nature of Dark Matter

Gravity

MOND

one scale

modification
fails badly

‘\\‘\

M. Lindner, MPIK

Particles
BSM ~ automatically
motivated: correct
OTHER - WIMPs abundance:
modifications et - WIMPs
b - sterile v’s - asym. DM
~ WIMPs nicley combine
| both positive aspects
u - WIMP miracle

APPEC @ Fermilab
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WIMP = MSSM Neutralino Dark Matter

L i

104

._.

<
1
W

e I R et

WIMP-Nucleon Cross Section [cm?]
=

| I IIIIII[| I IIIIIII| I II]IIII| I II]IIII| I}I.Iﬁ'lll JATIIIN

—
<
[N
W
T

| L

e
: SohnER =

T T T T T T
XENON100 (2012)
— observed limit (90% CL)
Expected limit of this run:
[ £ 1 6 expected
+2 ¢ expected

| IIIIIII| | IIIIIIII Ll

1 - 1 1 1 1 1 1
6 78910 20 30 40 50 100

WIMP Mass [GeV/c?

Buchmiiller et al.

- CMSSM &-> MSSM
- low WIMP masses?

- low x-section?

- connections to other observables

- preferred paramete

M. Lindner, MPIK

r ranges?

= WIMPs in full MSSM:
- eleven free parameters

ta‘nﬁ,MlaMQsMB’MAa#’a‘

mZL , mZR » M, 5 5 Mgy 5 QO
Include:

constraint coming from
pseudo-Higgs boson searches
LEP constraints

Quantity
Qh? 0.089, 0.136]
mp, (121.0,129.0) GeV
Br(B — s7v) [2.89,4.21] x 104
Br(Bs = pp™) < 4.5x 1079

Br(B, — 77) | 0.52 < Rpr, < 2.61
Br(K — pv) | 0.985 < Rjp3 < 1.013

a, [0.34,4.81] x 109
I'(Z — X1Xx1) < 3 MeV
o(ee = X1X2,3) < 100 fb

Ap < 0.002

APPEC @ Fermilab
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The correct Cosmological Abundance

Scan parameter space for different annihilation channels > Qh?
Note: we will not argue for equal probability in parameter space!

0.1

0.01

Qh?

0.001

0.0001

20 40 60 8 100 120 140 160 180 200
m;c* [GeV]

=» Select correct Qh? = constrains allowed parameters

M. Lindner, MPIK
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tt

W W~—

30



* Fine-tuning measure A : At = M (14 TR TZ an2gg)

m2
z \ A
Ab = (14 ™4) tan228 |
B =[S s by, (BY (1) et
’ ’ Am% = lcos2,8+m—zqcos2;3 MZ‘(I
Ap; = Pi aMé(p,) _ BlnMé(p,) 2 . mzm 22
1= M% 3pi alnp,- Am?{d = |——cos2ﬂ+ gsm23_£_%|(

XENON100-2010

XENON100-2012
100

XENONIT

...more and more tuned...
10 = WIMPs should show
20 40 60 80 100 120 140 160 180 200 up before o ~10-*8cm?
mi- [GeV] -
P. Grothaus, ML, Y. Takanishsi




Prospects for WIMP Sensitivity (SI)

' Sensitivity to a 50 GeV WIMP

10 XENON100
| Expected: LUX
LUX .
|
1044 l| Expected: XENON1T
b XENON100 \ Expected: Expected:
\ XENONNT LZ

l
5 |
c XENON100 AN ?QH‘ I
S Expected: ~~ | I
O XENON100 | - R
710748 combined A\ [
2 ™~ \
O See \ o\
e \
\\ N
S~

MSSM expectation of a 50 GeV Neutralino T =
1048

Neutrino coherent scattering

2010 2012 2014 2016 2018

= WIMPs should be found or other candidates become as ‘natural’:

axions, keV neutrinos € -> impacts large scale neutrino program
M. Lindner, MPIK APPEC @ Fermilab 32



Neutrinos as Dark Matter

* active neutrinos excluded (hot, too light, but 0.3% of U)

* keV sterile v’s 2 excellent warm dark matter candidate
- right handed neutrinos probably exist €-> m,
- theoretical scenarios which allow keV scale
- never in equilibrium €-> not counted in cosmology

A
log(m,) } heavy sterile neutrinos typ. > 103 GeV

€ some theoretical mechanism
(flavour symmeties, split see-saw,

)
§
Y
\‘DQ conformal EW symmetry breaking, ...)

TP ———

one light sterile neutrino ~ keV = DM

} light active neutrinos < eV

M. Lindner, MPIK APPEC @ Fermilab 33



Bulbul et al. 1402.2301 and Boyarsky et al. 1402.4119
10°
107

1010

10"

sin%(26,)

10—12
10-13
10-14

1 0-15

1 5 10 50
M, [keV]

- reliability of the signal? - ongoing discussions...—> must see




Neutrinos as Probes into Sources

Supemqva 1987A. 23

&Sun Astronomy: #
Supernovae &
GRBs
UHE v‘s

CCosmology  peactors

o

< Atmosphere

Accelerators

Super-K

B P .
. - IR P ..’ “f . ’ ATLY L
A N ot L,
Vi R o o ]r.
7 elecitron g . : Ou c e S
neutrinos neuirino . oy
surer: S rn}
Detector STR 'S IR ar
LY
o -

M. Lindner, MPIK APPEC @ Fermilab 35




Neutrinos & Cosmology

e Dark Matter ~ 26.8% & Dark Energy 68.3%

* baryonic matter Qg ~ 0.049
* mass of all neutrinos: 0.001 < Q, < 0.02

“<'®
"o
L

o 't ’. H‘;

Comological impact of neutrinos:

- hot component in structure formation:
330v/cm® x mass -2 improved results
for the sum of masses

- Big Bang Nuklueosynthesis

- Baryon asymmetry = Leptogenesis?

-... many other topics

Inflation

Expansion

M. Lindner, MPIK APPEC @ Fermilab




Neutrinos & TeV y’s

HESS and EGRET:

* TeV y‘s from galactic center and galactic plane
* various sources observed

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

Plausible explanation:
-SN shock front acceleration
-v’s from n’ decay

= v flux from GC

= v signal @ km? detectors

n
P /7/: HE y’s @HESS, EGRET, Fermi

\
wtn' T —{HEv’s

M. Lindner, MPIK APPEC @ Fermilab 37



Neutrino Telescopes

v astronomy € —> cosmic neutrino sources
* AGN’s

e black holes

 GZK cutoff

HE y’s - scatter of CMB

charged particles
> deflected by B f|elds /-ﬂ" P T

M. Lindner, MPIK APPEC @ Fermilab
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IceCube = PeV events observed

Run118545-Event6373366

NPE 6.9928x104
GMT time: 2011/8/8 12:23:18

1.1PeV = 1100000000 MeV

events in 2 years data:

=» cosistent with flavour
ratio 1:1:1

= more statistics

= rate vs. WB bound?

=>» start of v-astronomy

. "‘t"

Gl A A= :

: {lf“‘i ’

SRR = atmospheric v background...

. o 'Vr“‘,

M. Lindner, MPIK APPEC @ Fermilab 39



Atmospheric data and new physics:

Impact of sterile neutrinos on atm v flux

W iy

® eV mass gives

resonant enhanced
(',, matter effects in the
N/ TeV region

N
H. Nunokawa, O. L. 6. Peres,
R. Zukanovich-Funchal
Phys. Lett. B562 (2003) 279

i(«?

g ® atmospheric
| neutrinos in lceCube




IceCube atmospheric v’s sensitivity to sterile neutrinos
(3x IceCube-79 data are available)

A.E., A. Yu. Smirnov,

arXiv: 1307.6824

. sensitivity significantly

enhanced by using energy
spectrum
|~ (number of bins)

Cf=10%.
- 99%

Amj; (eV?)
]

IceCube can test the
LSND/MiniBooNE

“evidence”

107!
102

It’s on the tapes

sin’26:

= when?

M. Lindner, MPIK APPEC @ Fermilab 41



Supernova Neutrinos

SN1987A neutrino burst

* Collaps of a typical star = ~10°7 v‘s
* ~99% of the energy in v‘s

Progenitor:

“tl] 4| | Sandulaek -69 202 in LMC
* v¢s essential for explosion cersiesnaev F] 1) 1] | 19-18 solar masses

 do simulations explode?

(1d=»2d=>»3d =>convection...) + | # ¢¢
& o

Dighe, Smirnov

1.0 / | veerasmen MSW: SN & Ear:th>
\ Vi Or-o MeY) sensitive to sgn(Am?)
NV
NS
/ . .\7\\..-~ o ———

energy (MeV)

M. Lindner, MPIK APPEC @ Fermilab 42



Understanding Supernovae

neutrino spectrum: e.g. Fisher et al.

Prompt Ve burst Accretion Cooling

Luminosity [10““1 erg/s|

Luminosity [10% erg/s)
Luminosity [10% erg/s|

0 A A
10 0 10 20 30
Time [ms)

066 200 300 400 500 80 I S S —
Time (e Tie 18

many other details: important & complex

=» neutrino spectrum

=> light emission improved v-nucleus x-sections

=>» processes impact on dynamics and BBN

=> ejected material

=> gravitational waves

M. Lindner, MPIK APPEC @ Fermilab
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Simulated Supernova Signals

10 m T EERNERRRNRERRRRRRS Detector Type  Mass (kt) Location Events Live period
B Accreti 7 Baksan CnHan 0.33 Caucasus 50  1980-present
LVD C,Ha, 1 Italy 300  1992-present
— 8 Super-Kamiokande H20 32 Japan 7,000 1996-present
E KamLAND C,Ha, 1 Japan 300  2002-present
~ MiniBooNE*® CnHa2x 0.7 USA 200  2002-present
= 6 Borexino CnHa2x 0.3 Italy 100 2005-present
0 Helmholtz IceCube Long string 0.6/PMT South Pole N/A 2007-present
= Cooling Phase

g S Icarus Ar 0.6 Italy 60 Near future
o 4 HALO Pb 0.08 Canada 30  Near future
c SNO+ CnHa, 0.8 Canada 300  Near future
N MicroBooNE* Ar 0.17 USA 17 Near future
H 2 NOvA*® CnHa2, 15 USA 4,000 Near future

LBNE liquid argon Ar 34 USA 3,000 Future

LBNE water Cherenkov H->0 200 USA 44,000  Proposed
MEMPHYS H>0 440 Europe 88,000 Future
p

0 1 2 3 4 5 6 Hyper-Kamiokande H20 540 Japan 110,000  Future

T. t b [ ] LENA C,.Hs, 50 Europe 15,000 Future

Ime post bounce |8 GLACIER Ar 100 Europe 9,000 Future

Simulation for Super-Kamiokande compilation by K. Scholberg

SN@10kpc
Totani, Sato, Dalhed, Wilson

Problem: Rate — 1-3 SN per century / galaxy - bigger?
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2 possibilities:

Supernova

neutron star or

\

Keeps cooling...

4 Irx._;c.—Breakout Burst
= B b Cooling of
S [ 2 _“'“” Neutron Star
g , s /A _ * impressive signal of a black hole in
4 - v, . .
N b neutrino light
‘ SN . :
31 * neutrino masses €<-> edge of v-signal
& Aceretion on '%\.
57 | ;6; Protoneutron Star \
0 1 2 3 4 5
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Supernovae & Gravitational Waves
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=» additional infor.mation abopt galactic .SN. Dimmelmeier. Font, Miiller
=> global fits: optical + neutrinos + gravitational waves

=» neutrino properties + SN explosion dynamics

=» SN1987A: strongest constraints on large extra dimensions

further topics: failed supernovae, hidden SN , v self-interactions (split, cohernece)
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Summary

Neutrino physics was and is a hot field!

-> Diverse sources in labs, astrophysics & cosmology

* Interesting results fit into 3-neutrono framework - CP, MH, m,
=> watch carefully if 3v framework is enough
=» good reasons for more... =» over-constrain & precision

* Neutrinos are unique probes: SN, reactors, sun, ..

« Other hot and partially connected topics:
Dark matter, Proton decay, LFV, ...

 Even more topics: v magnetic moments, absolute
v masses, cosmological relic neutrinos, coherent scattering, de-coherence,

=» Many ways to spend resources on big projects....

M. Lindner, MPIK APPEC @ Fermilab
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Personal Comments
We do big projects due to lack of competitive table-top ideas

Sociology: Road maps, funding opportunities, ..., politics
=> dangerous route, since we will get stalled at some level!

1) coordinate mega-projects (road maps etc. )

2) keep competition of medium size projects (proven,
training of young people, attractiveness, diversity, ...)

3) AND: More R&D (new methods) while we do big projects
realism: only a few of many new ideas will work
- sufficiently broad R&D = risky = needs to be protected

=» a reasonable fraction of the funding must be kept for
smaller projects and also for R&D activities for the future
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