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Relevance of neutrinos for the 3 major questions of
Astroparticle Physics (APIF/OECD definition)

1. What 1s the role of high energy phenomena in the
formation of cosmic structures?
Multi-messenger studies (y, CR, v, GW)

14 billion years
e W
11 billion years

Supernova neutrinos, High energy neutrinos for the
origin of Cosmic Rays, limits of fundamental laws. e
Neutrino Observatories (low and high energy) R———

Relic radiation decouples (CMB)

. . Matter domination
2. What 1S the UaneI'SC made Of‘? Onset of gravitational collapse

Nature of dark matter and energy Nucleosynthesis |3 minutes —

Light elements created - D, He, Li |- 3 O
Nuclear fusion begins — 0.01 seconds —

Sterile Neutrinos, Mass Varying Neutrinos, Indirect dark 26 80
matter detection Quark-hadron transition {1 isgpcc

Protons and neutrons formed

Neutrino Oscillation Experiments and Observatories

Electroweak transition

Electromagnetic and weak nuclear 5§
forces first differentiate

3. Probe matter and interactions at the highest energies. By kg

Rare decays: proton lifetime , neutrino properties Axions t.?

. . . . . Grand unification transition .
Neutrino Observatories, Neutrino Oscillation Cedroneakandstonyucear (L8

forces differentiate

Experiments, Neutrino Mass experiments i
Quantum gravity wall —

Spacetime description breaks down A A University of Cambridge




nderground Physics for the Next Decades

Wide range of energy scales & technical issues
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Outline*

1) Person-made sources
1. Present and short term results
2. Long baseline oscillations

2) Cosmic sources and archaeology

1. Solar system neutrinos
2. Supernova neutrinos
3. Proton decay,

e Will not cover since covered, sterile neutrinos, exotic possibilities, neutrino
mass detectors, or high energy neutrino observatories.

eSome of the best physics may be with them.
e Assume technologies have been presented




New megaton class, multipurpose detectors will allow to study these fundamental questions

Particle physics
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Supernova neutrinos
Diffuse SN neutrinos
Atmospheric Neutrinos
Solar neutrinos
Dark matter annihilation
Geo-neutrinos...
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Three-Flavor Neutrino Parameters

Atmospheric/K2K CHOOZ Solar/KamLAND 20 ranges
37° < 073 < 54° <0 <] 30° < 012 < 36° hep-ph/0405172

Ci3 e P53\ C12 512 Solar
C23 523 o 1 -512 G2 D
-S23 €23 ){ €543 Ct3 1400-3000

Ci2 = cos6q7 etc., & CP-violating phase Am? / meV?

75-92

Tasks and Open Questions

Has 6,, been measured ?
Sun 0,5 octant ?

Mass ordering ?

Atmosphere CP-violating phase 67?
Absolute masses?
Dirac or Majorana?
Sterile Neutrinos ?

3 Lorentz violation, CPT ?
Mass Varying Neutrinos ?

Inverted

Atmosphere




Effects of 63

1. subleading effects in solar/KamLAND /atmospheric oscillations

2. transitions of Ve involving Am3;:

2.1 v, disappearance at reactors with L ~ 1 km

“clean” measurment of 613 P ~ 1 — sin® 2613 sin2(Am§1L/4E)
2.2 v, — Ve transitions at accelerator experiments

complicated function of all osc parameters (CP phase §)

simulation: assume sin? 2613 = 0.1, § =
_ Double Chooz o

0.1 0.15 0.2
sin® 2045




ve=» v oscillation formula

S|n2[(1 - A\)A] a = Ale N\ = AWL31 A — 2\/_GF7’L6E

. D . D
sin< 26012 sin< 0 _ Am3,’ 4L Am3,

sin(AA)sin[(1 £ A)A]
A (1L A)
sin(AA)sin[(1 = A)A]

a Sin 26013 sin 2015 sin 2053 sin dcp Sin(A)

a Sin 26013 sin 2015 sin 2053 Cos dcp COS(A)

A (1L A)

. 2 <
sinc(AA
a? cos? 0>3 sin? 201- AEQ )

= Antineutrinos: sl IN(le=NasdelJel=} A — —A)

* Cervera et al. 2000; Freund, Huber, Lindner, 2000; Huber, Winter,
2003; Akhmedov et al, 2004

* Corrections for large 0

» Bimagic baseline at 2540 km =» high sensitivity to Mass hierarchy Raut et al.




Current Knowledge of 0,

Double Chooz - sensitivity, no oscillations Fogli etal.,
arXiv: 1106.6028

Global evidence for 6,, >0

— 90 % sensitivity

Far Detector
Only

T2K (best-fit) 0.11 (90%CL)
0,,= 45°, §=0,(Am,g)2=2.4x1073

' 1 1 i i ATETN TN AN : L | :
).00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Near + Far Detector in? ¢

sin” 0,,

T | solid line = old reactor v, flux
dotted line = re-analyzed reactor v, flux

sin20,; ~ 0.1 1?

Kam-Biu Luk LP2011




Despite the crisis jubilation in Greece
for the « hint» of 613*

* « Borrowed » from Kam-Biu Luk, Lepton-Photon 2011,




Near term prospects for ;3

upcoming reactor and accelerator experiments

Discovery potential at 3 ¢ for NH
1 I I IE I I I I I l I I |
@ ol ©® | —@T2K
i\ . —@DoubleChooz
\ +2 sigma —CGRENO
| —(HDayaBay
—@ONOVA

2012 2014 2016 2018
year




~ NOVA #
e e Relatively

® NOVA is a 810 km baseline neutrino Near term
oscillation experiment

® Searching for vy = Ve and Vv, — Ve
oscillations

® Use near detector to understand
beam at source, far to look for
oscillations

® Primary physics goals include

® Measurement of 03 um Energy NuMI Beam
T T l T T T T l T T T V. T

30 [ ratesfor L =810 km **° . .

Tune

® Determining the ordering of mass
hierarchy

® Measure d - CP violating phase

Use equal exposures for Vv and V

e Omrad » ]

v.. CC events/kt/3.7E 20 POT 0.2 GeV

15 7 d o]
NUMI Beam (400 kW)= SNUMI-1 (700 kW) — 14mrad

10 2T mrad -
Short tutorial: 5 —
700 KW=5,4 1013pp at 120 GeV every 1,467 s = e
700 KW= 5,4 x 120 /1,467 7.5 10

Fora 107s year = 5,4/1,467 102° pot= 3,7 1020 pot




15.7 m

" Near Detector 210 t (20t FID) e
Fiducial Volume \\W

Far DEteCtOI" 7 6‘«\/ 0 | [> 368,000 cells in FD
ssremiiad 19 [ K| [12,000 km fiber in FD
| 4 14 [ 0.15 Xo sampling per plane

4<s<——  Plane of vertical cells

. f \ Plane of horizontal cells

® |4 kt total mass, 70% scintillator

® 930 planes

® ~3 m water equivalent earth
overburden of barite and concrete

nger

Shower“
ContainmMment

SNUMI-1 beam turns on 2013, 2/3 of FD constructed, FD completion 2014




NOVA Physics reach (6 years after start =» ca 2020)

Sensitivity to sin?(2013) = 0.01 as T2K, DayaBay etc

90% CL Sensitivity to sin’(26,;) = 0

L =810 km, 15 kT
Am,.2=2410° eV?

2

sin“(20,,) =1

3 years at 700 kW,
1.2 MW, and 2.3 MW
foreachvandv
— Am2 >0

— Am2 <0

0.01 0.015 0.02 0.025 0.03
. 2 . 2
2 sin“(8,3) sin“(26,,)

1. Resolution of Mass hierarchy ?
2. Resolution of 623 ambiguity ?
3. Measure 6?




Jt

Sensitivity to Mass Ordering ?

95% CL Resolution of the Mass Ordering 95% CL Resolution of the Mass Ordering

2
[ NOvA + [ L=810
i ‘ 18 F ‘-\mgzz =
[ sin"(28,]
16 [ Am*<0

NT2K
Best Fit , |
for O = 01\\

02 |

0 L 1 1
0.1 0.15 0 Y 0.1 0.15

. 2 . 2 .2 .2
2 sin“(8,5) sin“(26,,) 2 sin“(8,5) sin“(26,,)

The mass hierarchy-CP violation degeneracy hurts NOVA
Adding T2K helps in the unfavourable CP violation region...
Sensitivities get better if CP sign known from elsewhere




probability

Matter Effects in P (v, — v, ) for NOvA

Hierarchy - dcp degeneracy in P (v, — v,) for NOvA

NH,5., = 90 deg
IH,65 = -60 deg

sin 20, = 0.15

Matter Effects in P (v, — v,) for T2K

sin? 26,3 = 0.1

8 =0

probability




Jt
L. 2

it 623 amblgUity

. . . 3 | NOVA(
 Dominant term in P(v,—v,) for long- & | amgd o
) Nc I

7]

baseline accelerator 1s proportional to
sin?(0,3)sin?(20,5)

e But sin?(20,;) is measured in long baseline
v, disappearance experiments

Difference is significant for 0,; = /4 T

e Fortunately, reactor experiments are
sensitive to sin?(20,5) without 0,5 factor

092 -
Mw

e Comparison of LB appearance and Reactor 0 e L
. . . .2
results can allow resolution ambiguity: Sin' (28

does v; have more v, (0,;<w/4) or v, (0,5>w/4) ?
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1 and 2 o Contours for Starred Point for NOVA
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Am.,2 =24 107 eV?
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What will we know by 2018-2020 ? (M. Mezzetto-T.Schwetz hep-ph-1003.5800)

Clofes 20

GloBeEs 2008

GloBEsS 2086
GlotEs2me

(=}

0.1 0.15
sk’ 26,5

Figure 14. Exemplary fit results for Double Chooz, T2K, NOvA, Daya Bay, and
the combination. Shown are fits in the #;3-0 plane assuming sin? 26013 = 0.1 and
0 = m/2 (upper row) and § = 3mw/2 (lower row). A normal simulated hierarchy is
assumed. The contours refer to 1o, 20, and 30 (2 dof). The fit contours for the right
fit hierarchy are shaded (coloured), the ones for the wrong fit hierarchy are shown as
curves. The best-fit values are marked by diamonds and boxes for the right and wrong
hierarchy, respectively, where the minimum y?2 for the wrong hierarchy is explicitly
shown. Reprinted from Ref. [137], Copyright (2009), with permission from JHEP.




Future
Large
Detectors




A L‘v‘\ g \' n ‘\\ w.Ina

Large Apparatus for Grand Unification and

Neutrino Asrropllysics

2008 - 2011
1,7 M€ from EU

7 canditate sites:
Boulby
Fréjus
Caso
LSC
Pyhzsalmi
* Sunlab
 IFIN-HH

MEMPHYS

~ 440 ktons

fiducial mass

Water Cerenkov

EUROPE

GLACIER
Liquid Argon

~ 100 ktons fiduecial mass

\,'-

s AR
— :
12300 Km, Pyhhisalmi

Scintillator

~ 50 ktons
fiducial mass




v'Laguna => very comprehensive evaluation of all sites, construction and costs
v'Laguna => baselines from 130 km to 2300 km available in Europe = advantage

v'Laguna => allowed to form a strong community in Europe (> 100 physicists and Ing.)

v'Laguna => showed the need to evaluate constraints and costs for the detector options

S—

\. New program: Laguna-LBNO (one of the two fully financed by EC, SM€)
| Start September 2011 — End September 2014
oLaguna-LBNO: evaluate costs for detector construction and long term running (> 30y)
oLaguna-LBNO: investigates complementary beam options from CERN
oLaguna-LBNO: deep study of physics potential for the combination detector/site
oLaguna-LBNO: strengthens the community even more:

> 250 physicists, 13 countries, 39 beneficiaries

Focus on 3 options:

1. Shortest baseline (130 km), CERN -> Fréjus: no matter effects; clean measurement of LCPV
2. Longest baseline (2300 km), CERN -> Pyhhédsalmi: matter effect; mass hirarchy, LCPV
3. Upgrade existing CNGS (Umbria?)
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100 m

Memphys Glacier

2 x 330 kt 50 kt 100 kt

220°000 8” or 10” PMT’s | | 55’000 8” PMT’s 1’000 8 WLS-coated cryo PMT’s
27000 cryogenic PMT’s

QE > 25% QE > 25%

DR 1 to 300 p.e. DR 0.2 MeV to 10 GeV QE > 25%

Time resolution 1 ns Time resolution < ns Time resolution O ns

Low after pulsing Low after pulsing Lifetime > 30 y cryogenic!

Pressure 10 bars Pressure 15 bars

Lifetime > 30 y Lifetime > 30y See talk by A. Rubbia
See talk by J. Winter

T. Patzak, APC, University Paris Diderot, TAUP2011, 5 — 9 September 2011, Munich, Germany




Water Cherenkov Liquid Argon Liquid

Scintillator

Cheap material,
proven at very
large scale

Excellent particle Low energy
reconstruction threshold




(1) Tank Concepts - Cavern Scale (2) Geo-mechanical Studies (3) Main Cavern Engineering

Engineering of large tanks becoming well understood

Rock data gathered, rock tests and simulations by all sites

» Convergence » Relationship between tank design
» Spalling EXAMPLES and main cavern excavation

: . Example:GLACIER@ Sieroszowice
« Rock-bolting Sieroszowice Boulby  Interaction between scientists, Ve
e Mucking

Technodyne Ltd. with
« Multi-strata rock issues Rockplan, Cuprun, CPL, AGT
» Cavern shapes

Focus on Main Detector Cavern (MDC) engineering

Frejus
* Collaboration with Technodyne Ltd.
MEMPHYS GLACIER

>2000 mwe >600 mwe

Phyasalmi Example:GLACIER@ Umbria

SS cylinder of 30m @ X105 m |
inder 65m @ x| height inside a external tank ""‘“"‘7:‘:"’0““"'
s of ~cylindrical shape, of at
m height dome: 12.7m height x
1448m ©

least
34m @ for water-buffer.

GLACIER 100kt

Example LENA@ Phyasalmi 4

(4) Layout studies: Tunnel sites Seven technical reports

| (5) Construction Sequences
© 130 ki fr:r:lejéjEsRN 630 km fron?iréf;ilnc Interim site-dependent geotechnical reports: delivered! Details of construction sequence also studied at all sites
« Deepest site (1700m) + Likely requires new tunnel + Final joint report on potential European sites: soon * Geotechnical stability and safety at Umbria
o« MEMPHYS design study shaft (current depth 800m) each stage of excavation

« Requirements for rock removal and EXAMPLES
rock bolting

o Egress routes and evacuation safety

Sieroszowice

Frejus

*more than 1200 pages
°large amount of
information and details
*wealthy competition
among sites

epublicly available

(6) Additional infrastructure (7) Socio-Economic, Safety, Environment
Details of ancillary laboratories, storage caverns and egress .

« Design of liquid transit, storage and emergency dump

Important aspect in the eyes of the EU and the funding agencies
+Socio-economic

* Ancillary caverns for construction phase

+ Clean rooms, ics and i

— Results of LAGUNA-1
s =% 7 studies for the 7

E sites

‘ => choice

‘A:; \\|

t
¥

\

Road Tunnel =




CN2PY (Pyhdsalmi)

LAGUNA-LBNO sites * |nitial : beam from SPS (S00KW - 750kW)
| * Long term: LP-SPL + HP-PS - >2MW

New conventional beams to be
considered based on CNGS
experience

w230

-

Table 1: Potential sites being studied with the LAGUNA design study.

Location Type Envisaged depth Distance from Energy 15' Osc. Max.
P T W.C. CERNTkmd [GeV]
<___Fréjus (F) Road tunnel 4800 130 026>

Canfranc (ES) Road tarmet™ ~TSO0-2700 630 1.27
Umbria(IT) ¢ Green field 1500-2300 1.34
Sierozsowice(PL) Mine 1400 1.92
Boulby (UK) Mine 3400-4000 2.12
Slanic(RQ) -Satt-Ivime— 840 3.18

E Pyhédsalmi (FI) Mine 2500-4000 4.65 >

——

@ ~1.0° CNGS oIT axis, AR, arXiv:1003.1921

P [CERN-Umbria has an ", CN2FR (Fréjus) ' CNGS - Umbria .
existing beam but is B¢ g’si?_" :;‘&‘;“‘a'“ S B« Beam from SPS (500kW)
considered at lower priority {5 aP» - : ‘N ' ::s:i?"’i;e‘“‘°’
(missing near detector, ' W oo

p, = tmage © 2011 TerraMetenn 0

] Image IRCAD

€ 2001 CredTSeot Wmpge - -
Data 90, NOAA, U S Navy NCA, GBI

SCISIAE'N IV IALE o IW.-




vV beams at CERN - future possibilities

‘Short timescale (~¥2015)
| O Conventional LBL v-beams from SPS (400 GeV)
Exploit the CNGS technology, sub-MW class facility, CNGS+

Intensity upgrade, new focusing scheme for low v-beam energies

O  Conventional SBL v-beam from PS (20 GeV) - PSNF
Dedicated experiment on sterile neutrinos

Test bed for detector and targetry R&D, x-section measurements

——

' Medium timescale (~2020)

| @ Conventional LBL v-beams from SPS (400 GeV)
CNGS++ beam to a new site (CN2?)

O Upgrade using LP-SPL as proton driver, new HPPS (30 GeV)

“MW class facility (CN2?-HP)

=

' The BIG picture — ultimate facilities (~2030)
{ B Super beams, B-beams, Neutrino Factory
HP-SPL and new accelerators, MMW class facilities

llias Efthymiopoulos - CERN LAGUNA Meeting March 4,201 |




Fréjus Tunnel

' Pyhisalmi Mine

_-}—' . 2
LAGUNA infrastructurl atjsite

2500-4000 m.w.e

two dedicated
shafts foreseen

GLACIER
DEPTH 900 m

s

MEMPHYS
DEPTH 1100 m

DEPTH 100 n

P2011, 5 — 9 September 2011, Munich, Germany




LAGUNA-LBNO consortium

(\

Danemark (subnode)

University Bern
University Geneva
ETH Ziirich

University Jyviaskyla
University Helsinki
University Oulu

CEA

CNRS-IN2P3
LSC IFIN-HH

UA Madnd University Bucharest

_ CSIC/TFIC
TU Munich

University Hamburg Aahrus(*¥*)
Max-Planck-Gesellschaft
Aachen(**)

T T ) Imperial College L.ondon

Durham
Oxford
IFJ PAN QMUL
IPJ Liverpool
University Silesia Sheftield

Wroklaw UT RAL
Warwick

Demokritos
Courtesy: A. Rubbia




The EU design study “menu”

2008
LAGUNA FuroNu

-far detector “RI” for
astroparticle and beam physics - | -international consortium

-three detector options -low energy MW-superbeam (HP-SPL)
-seven potential sites -beta beam

-excavation costs -neutrino factory

-industrial links -costs

-comparison of facilities

\.
(

LAGUNA-LBNO

-international consortium including
EU, Japan and Russia \

~two main far_snes -Update European Strategy for
-new conventional beam from SPS Particle Phvsics

-high energy MW-superbeam (HP-PS) | y
-near detector infrastructure

-detector magnetization
Cdetector construction and costs

Courtesy: A. Rubbia




CERN CN2PY conventional beam option

Option B:
Target station close to existing one for the North Area V

Feasibility of new beams Target ‘ CNQPY
approved by CERN study o Sitey
(LAGUNA-LBNO/2011-2014)

LAagvna

G
- * Near detector

New beam facility accepts AV 55 e
protons from 400 GeV SPS and o e %3 <60
eventual new 50 GeV HP-PS »

Will produce conceptual LI/ NEUTRING FACTORY |
design reports within 2014 ' el %

Bols Tollet

% /
) 1CONTROL B ONO WEIOND |
(8) sns’sepomseny /

b \ 2 et H . 2

. X

" L P (8) morsreon Saiomes /
38 AW A\ . /
% ““ \ Som-COXD BOx Jowponz 80 (0 Tameey pcanze /
) /

A o Q‘ W Taect 3xT TS (") cooms woxesne y
\ - e - 2 » /
e A (O sow-ses wanzsons @) ¢ mrront S ome

s\ e 3 . ’

4

LAGUNA-LBNO: lCNGS
Task 4.1Study of impact of CERN SPS accelerator intensity upgrade to neutrino beams
Task 4.2Feasibility of intensity upgrade of CNGS facility
Task 4.3 Conceptual design of the CN2PY neutrino beam
Task 4.4Feasibility study of a 30-50 GeV high power PS
Task 4.5Definition of the accelerators and beamlines layout at CERN
Task 4.6Study of the Magnetic Configuration for the LAGUNA detector

Task 4.7 Definition of near detector requirements and development of conceptual design,
A. Rubbia 12 international conference on Topics in Astroparticle and Underground physics (TAUP20I 1) Ei




CERN-Pyhasalmi long baseline

Goal ™ Q3 sgn(Am?23), 030
independently with v and V

Event rates: CERN SPS 400 GeV
5 years @ 9.4x10"9 pots/year

Muon disappearance

300

vuCC w/o oscill

vuCC w/ oscill

Events / 100 MeV / 100 kton

M 1
10

: : Neutrino energy (GeV)
Electron appearance

2300 km, sin%(20,,)=0.114"1

Réd: v NH, 0<5<180
Dark-Red: v NH, 180<5<360

Blue: v IH, 0<5<180
Dark-Blue: v IH, 180<56<360

1 1 1 1 1 1

10
Ev (GeV)

Neutrino horn polarity

8in?2623=1.0, 8in?20;3=0.1

Distance/OA

v.CC

’/p_'yf I/;z_'V'r

Pyhisalmi
2300 km
0.25 deg

250

Y |~

880 1018

au appearance

Events / 400 MeV / 100 kton
8 8 g

8

llllllllllllllllllllllll

v, CC event

—CC

— CC QEL
— CCRES
—CCDIS

viCC
appearance

oc

1.2 INTernanonal conrerence on 1opics in Astroparticle and Underground physics (TAUP201 1)

25
Ev (GeV)

Lasl



CERN-Pyhasalmi long baseline

013 Sensitivity - CNXX NOVA Horns - 50 GeV protons
" y P CP Discovery - CNXX NOvA Horns-50 GeV protons

// v run only - 100 kton %350__(v+anti v) run - 100 kton

- 30 CL.curves D) - 3¢ CL.curves
OAOQ.5 (Sieroszowice - 950 km)

o
&350

w

300

OAO0.5 (Sieroszowice - 9¢ 300

250 250

200 200

OAO0.25 (Pyhasalmi -

150
150

100

II[|III[|IIII|IIII|IIII|IIII|

IIIIII[I]llIIIIIIIIIIII]IIIIIII

0OA0.25 (Pyhasalmi - 2300 km
arXiv:1003.1921 — el ,
10°

IS

-
o

1 L L L1 l 1 - " " Al
10?2 , . 107
sin” (26,,) Mass Hierarchy Exclusion - CNXX NOvA Horns-50 GeV protons

:_(v-;actcltx)vl;usn—lookton
Event rate per year: 50 GeV HP-PS, S /
3 x 102" pots/yr, 1.6 MW
100 kton liquid Argon (GLACIER option)

/

NoOsc. | v, CC | v, CC cc | v, cC

0A0.25 /

(Pyhdsalmi -
2300 km) kton LAr
5yrsv+5yrsv
3 x 102 ;l)ots/yr @ 50'GeV

el R T R R

10° 102

positive horn

I year 110 7

negative horn

16 7577 32
1 year

|||||||IIIII|I]IIIIIIIIIIIIII[I

ey
o<
FS

10"
sin? (28,,)
A. Rubbia 12 international conference on Topics in Astroparticle and Underground physics (TAUP201 1) = 14
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041

Physics case very compe

CP-discovery (mass hierarchy

5 years U |.6MW

CERN Pyhasalmi long baseline

lling for large 03

not known)

100 kton liquid Argon TPC
5+5 years L+antiV |.6MW

“ T2K

18 indication’
)

>50

30

11.83
486

15 2 0.25
sm2029 13

03

T

4.6

11.83
30

>50

30
11.83

“T2K
indication

>50

30
11.83
4.6

0..05 0;1 O..15 0.
sin2263

12* international conference on Topics in Astroparticle and Underground physics (TAUP201 1)




LMEM PHYS

» Water Cherenkov (“cheap and stable”)

— ) . : x- e
v S - _ S~
o Y < - Z BT s AN PSS
= NI A T AT,

» total fiducial mass: 500 kt

» 2 cylindrical modules 65 x 100 m

* 130 Km from CERN
* 4800 m.w.e.

* size limited by light attenuation length
(A~8om) and pressure on PMTs

readout : ~3 x 81k 12" PMTs, 30% geom.
cover

PMT R&D - ady on
& b Safety tunnel
o
excav. 0110011}g construction) LSM Extension

-~

\ (Option 2C)

Memphys 1

Memphys 2

Road tunnel o Access to
(existing) Y Laguna site

[IWWW.apc.univ-parisz. Tf/ArC_sjexperiences/MEMPHYS/

» Lombardi = 07.12.20108

6

http

T. Patzak, APC, University Paris Diderot, TAUP2o11, 5 — 9 September 2011, Munich, Germany




A new optimisation for the SPL beam
A. Longhin et al.

v, new design C target

v, 3.5 GeV Hg target
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Fig. 14. Event rates in the MEMPHYS detector for
sin? 2013 = 0.01 and dcp = 0 for 842 years of U+ running.

4 targets (M. Dracos et al)




Physics reach of Memphys+SPL (New design)
LBL+ ATM (older studies, Campagne, Mezzetto, Maltoni, Schwetz)

8,5 discovery at 3¢ (A 1 =9). 5% sys. CP violation discovery at 36 (A x* = 9). 5% sys.
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= LENA
5 GeV Event Reconstruction

Investigated in Monte Carlo simulations
Identification of energy, momentum and flavour

For tracks > O(10cm) distortion of the spherical light front emerging from
track =

More precise method: LogLikeli Fit to the integrated
charge and first hit times of each PMT (7 par fit)
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LENA
Long -baseline Neutrinos

Searching for 6 ., o

.2 Ocp, Mass hierachy, and check for

maximal 0,

e Options currently investigated
Conventional v beam CERN-Pyhasalmi (2288 km)

- Appearance experiment: (\TH iy
- Background due to NC n° production, further studies ongoing

 Beta beam CERN-Frejus (130 km)

- discrimination of electron and muon by pulse-shape analysis:
. efficieny for muons: ~90%
— residual electrons: <1%

« LAGUNA-LBNO




GLoBES 2006

What we urgently need
Sensitivity versus exposure ($)

Redo V. Barger et al. hep-ph0610301

-
779
N e

1 st B -'.L-_r...._...ﬁl 4

Pt Sine

POT v/yr t, [yr] POT #/yr ty [yr] Prarges [MW] L [km] Detector technology mpet [kt] £ [Mt MW 107 5]
3 1.13 810 LArTPC 100 1.15
5 1(v),2 (@) 1290 Water Cherenkov 300 7.65
5 1), 2 ) 1290 LArTPC 100 2.55
4 4 29541050 Water Cherenkov 270+270 17.28

Setup
NOvA* 10-10*° 3 10-10*
WBB+WC 22.5-10*° 5  45.10%
WBB+LAr 22.5-10*° 5 45-10%
T2KK 52-10*° 4 52-10%
TABLE I: Setups considered, numbers of protons on target per year (POT /yr) for the neutrino and antineutrino running modes,
running times in which these be achieved, corresponding target power Prarget, baselines L, detector technology, detector mass

MDet, and exposure L.
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10 10 107°/10 10 10 10 FIG. 2: The discovery reaches (at the 30 C.L.) for nonzero
sin22913 sin22913 sin22€)13 sin? 2013, CP violation, and the normal hierarchy as functions

of exposure. The line types are the same as in Fig. 1 except

that the light curve in the CPV panel corresponds to the

FIG. 1: Comparison of superbeam upgrades in the configurations of Table I at the 30 C.L. The plots show the discovery reaches sensitivity of NOvA* under the assumption that the mass
for a nonzero sin? 2613, CP violation, and the normal hierarchy. The “fraction of dcp”, quantifies the fraction of all (true) hierarchy is known to be normal. The vertical lines mark
values of dcp for which the corresponding quantity can be measured. the proposed luminosities as listed in Table I. The curves
correspond to a fraction of dcp of 0.5, i.e., the median of the

distribution. This means that the performance will be better
for 50% of all cases of dcp and worse for 50% of all cases of
dcp; it is sometimes referred to as the “typical value of dcp”.
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Preliminary Design Report




Future programs: United States

Long Baseline Neutrino Experiment (LBNE)
- Possible site: Homestake mine in South Dakota
- Under consideration:
new 700 kW beam from FNAL with:
200 kt fv water Ch. at 4850 ft w/ 12” HQE PMTs (~SK Il)
OR 34 kton LAr TPC at 800 ft (or deeper)
- Longer term: Pro;ect X (2 MW)

N
ew neutnno bEam

Nebraska -

Status: - NSF will not build DUSEL

- DOE seriously considering taking on underground

Infrastructure @ Homestake (see "Marx committee’ report)
http://science.energy.gov/~/media/hep/hepap/pdf/june-2011/Review_of_Underground_Science_Report_Final.pdf

- collaboration planning technology decision ~ end of 2011




Site mnvestigation and preliminary design

eConfidence 1n 55m span WCD
cavity 1s high after much
detailed design. (100kTon)

eInitial studies show that
200k Ton could be possible




Water Cherenkov Detector

30k PMTs watching 100 ktons of ultra-

pure water in each of two caverns

Entrance /
Drift
at 4850L

Emergenc

sy

Also considering designs with a single detector of 150 ktons or 200 ktons
fiducial mass (cavern up to 66 m diameter, |00 m high)

Liner and installation design are evolving.




e —

|
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‘ ™ Ross Shaft

South
Paortal

—

Site proposal for 34 kTon liquid argon

T Utility Shafts
To Surface

LArTPC Cavern 2

\ LArTPC Cavern 1

% = Complex

Kirk Road Fans
Site™

Ramp From 300L ‘
/ 0 800L o ]

/
Existing 800
Level

Yates
pomglex

e[ .1quid Argon
development 1s proposed
to be at 800 ft level.

eKeep separated from
rest of lab.

e Allow horizontal access
through tunnel.

eRock 1s not fully
explored, but caverns are
smaller.




Near Detector

* Near detector essential for a
CP experiment

* 4 options open

 Straw tube tracker
* LAR (with/without magnet)

* Scintillator

N
=

Wilson Hall

A

LBNE 30 LBNE 20 LBNE 5




Near Detector Options




LBNE sensitivity (1300 km baseline)

34 kt LAr TPC ’ 200 kt WCD
107 10° 107
T T T T T T
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Future programs: Asia

Hyper-Kamiokande
- Tochibora mine, near Kamioka;
sites under study (1500-1750 mwe) ° |
- 540 kt fid; 10-20% SK-equiv coverage
- eventual upgrade to T2K beam to 1.7 MW
- LOIl in progress (data start ~2018)

AR —

4

Okinoshima ~
’ Eﬁﬂﬂﬂ‘f ~1J-PARC

(R&D program started at KEK)




MR Power Improvement Scenario

toward MW-class power frontier machine
— KEK Roadmap —

Dayl Achieved |

(up to Jul.2010)

0.45 >1.66
Energy(GeV) 30 30 30
Rep Cycle(sec) 3.2 2.2 0.5

No. of Bunch 6 8 8
Particle/Bunch 1.2X1013 2.5X1013 4X 1013

0.1

Power

Particle/Ring 7.2 X103 2.0X10H 3X 10

LINACMeV)  [BEJI 181 400
RCS = h=2 h=1

Energy(GeV)
No.of Bunch

Combination of High rep. cycle and High beam density
and space charge handling




J-PARC HK CPV sensitivity

CP 8 value for which we can exclude CP conserving hypothesis.
1
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Hyper-K (540ktFV‘\ 7

)
Oyrs v +3.5yrs v Large chance

1
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Normal hierarchy
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- 9% of systematic uncertainty is assumed
- massﬂierarchy Is assumed to be known

—L(> determine together w/ atmospheric v studies




Atmospheric Vv studies ..
(mass hierarchy)

sin'e_,=0.8, sIn’0, =0.04, soiar on 15
14

30

8in%,, - 0.5 8in2¢0_, - 0.04
gin®d_ - 05 gin2¢_ -008
8in%,, - 0.5 8inf20_, -~ 0.16
8in%_ - 0.6 sinf20_ - 0.04
ai =06 sin’2e,=008
0 sein?_-06 sinf20_-0.16
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Good chance if 823 and 013 are large
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2 and 30 sensitivities for different OA angles
with the Kamioka + Korea setup (1)

" : F.Dufour, NPO8
Conditions: Mass hierarchy (Updated )

& 1.66 MW

@ 5 years neutrino run +
5 years anti-neutrino run

4 0.27Mton water Ch. detectors
in Kamioka and Korea

Systematic errors considered:

€ BG normalization (for Kam.) 5%

€ BG normalization (for Korea) 5%

€ BG normalization between v, and i ) — OA=1.0 (new syst)
anti-v, 5% — OA=2.5 (new syst)ad

inverted

€ BG spectrum shape 5% _

® (v )/o(v,) 5% -

® ((v,)/o(v,) /
(G(anti-vp)/cs(anti-ve) 5%

@ Efficiency and energy scale diff.
between Near, Kam and Korea
detectors (3 error terms)




2 and 30 sensitivities for different OA angles
with the Kamioka + Korea setup (2)

CP violation

——
2{

normal

F.Dufour, NPO8
(Updated )

ThICKT 30
Thin: 2c

W

Vi

@ Mass hierarchy:
OA1.0 @Korea gives a
very high sensitivity
& CP violation:
Sensitivity depends
weekly on the beam
option




J-PARC to Okinoshima e
Distance = 658 km 3ol oA 25 atsK
Off-axis angle = 0.76° § Okineshima
(2.5° @ SK) ool
|00 kton liquid Argon

Good Energy resolution
Good e/n° separation

=> Extract Ocp from fit of |5t & 2" maximum




J-PARC to Okinoshima: Sensitivities

CP Violation 5 years v + Hierarchy
Syearsv Mass Hierarchy Determination - 1.6MW - 100 kton
GLACIER 100 kt @ Okinoshima, &350
LOMW..
% e 300

Okinoshima - 658 km

1 1 !
0.15 0.2 025

sin2203

Mass hierarchy is assumed to be unknown
Perfect detector resolution is assumed Large chance anineiring runs,

to determine both 6
And mass hierarchy

102 10"
sin’ (26,)




1°8

INO site at Pottipuram

We have done a y? analysis using the pull approach, as detailed in [1]. Fig. 2

shows the regions of sin”#,5 for which a maximal fa5 can be rejected at 30 (yellow),
20 (green) and 1o (magenta) levels. The capability to resolve the octant ambiguity

1000 kxow Ve

-
»

L)

o
—
L
i e

045 0.58 0.68
wln' o (tree)

11
-
)

T

e ——

Fig. 2. Sensitivity to deviation from maximal fa3 in terms of 3
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Focus on atmospheric neutrinos
w/magnetized 50 kt iron calorimeter ICAL

(get charge sign, nu vs nubar)

Projected to be completed within Six Years (2011-2017)




CERN

From conventional to super v-beams

O A staged approach to intensity

O T2K T2K T2K (300km)
% (300km) o (300km) B  TE06sEm)
a. - 0.11MW operation in - expected 0.75MW - expected 1.66MW
—_ 2010 gradually ~2014 operation, by >2014
NUMI/MINOS NUMI/NOVA LBNE/DUSEL
(700km) . (700km off-axis) . (1300 km)
- 0.3MW sustained - 0.75MW upgrade - 2MW operation

operation (~2013) requires Project-X

Ig=-

CNGS+ (732km) or CN2PY(2300km)
CN2PY (2300km) CN2FR(130km)
_0.75MW “ltimate”, ’ - 2MW operation
requires SPS and requires LP-SPL+HPPS,
injector upgrade or HP-SPL+Accum

LAGUNA-LBNO, EUROV FP7 Design Studies

lllas Efthymiopoulos - CERN NNNIO - Japan, December 15,2010 13

Tuesday, December 14, 2010




Prospects for long term upgrades with
enhanced neutrino beams
Neutrino Factory:

High power target? Muon cooling ? Muon acceleration ?

Beta Beam:

lon production ? lon collection and bunching ? lon acceleration ?

Neutrino Beam

Linac4 Proton Driver:
©— Linac option

Molten Ring option

Salt Loop Muon Decay

Ring

Phase Rotation

k()—@u:-i

Linac to 0.9 GeV 0.9-3.6 GeV RLA
© D

p 3.6-12.6 GeV RLA ¢
© 0

12.6-25 GeV FFAG

\_/

Bp ~ 500 Tm, B =~6 T, C = ~6900 m, L__= ~2500 m, y = 100, all ions

L)

Neutrino Beam e
R
gt —
( st -

Muon Decay Ring

The magnetization of the LAGUNA-
Pyhasalmi detector(s) will be considered.
Alternatively, “hybrid” options are
possible.

The considered LAGUNA-Fréjus with
MEMPHYS is already an adequate far
detector

Long-baseline Neutrino Beam Options at CERN, August 201 |




CERN

B-beam: isotope production

-mwmmmm-

5 10"

ISOL & Saraf/GANIL
n-converter

2 100
ISOL LinacX1 3He >170 21 3600 MgO 18Ne 2 10%
80 cm disk
P-Ring LinacX2 7L 0.160 25 4 d 8Li ?1 104
P-Ring LinacX2 6Li 0.160 25 K 3He 8B 21 10
Capacwmantally OK
Baseline option (°He and ®Ne). ®Ne production experiments in 2011. " Rgipetmine
Not OK yet
8Li can be produced in sufficient quantities with ISOL & n-converter
18Ne: Molten Salt Loop 6He & @ ISOL&n-converter 8B & 3Li : Production Ring
e~ C. Rubbia

T. Stom pefsofuc_ ,91“ jet target pper
Prraciation cell - } . - —— | Lidp)'Li
o . . U
. 3 ¢ '

— R ‘Li("He n)'B
Protons > dump —b—ﬂ“ W M'/‘

—

(e ) . g

cern /
Dwffusion chamber__ Heat exchanger SO 1aege® (BeO) m concentie oy mger ‘ /‘“ %\

HHias Efsluvvrsmalmsmmaslons ATCDAI MINIAMIIN L Ma hme 1T NN 7

CERN-Frejus (low Q, y= 100) betabeam starts appearing feasible (on paper)




Betabeam to Frejus

Sensitivity Comparison: 6,3 Sensitivity Comparison: sign(Ams3;)

Elaborated from arXiv:1005.3146 Elaborated from arXiv:1005.3146
sin®28,, discovery at 3¢ CL Mass hierarchy at 3¢ CL

1 y 1 -
g J WBB —WC
L WBB - WC,, e T2KK
—— . /:
0.8 | T-}".I'\ ’ 0.8 | //:
r , BB, ¥=100+atm ,—— :
38. 1=100 ,—/8 I BB + SPL+atm  -----=-----
< 06 | o8 ——" z 06 } B :
g [ BB, ¥=350 (— S IDS —NF 1.0
E  [IDS-NF 10 = LENF ,———
& 04 LENF o 04 )
t ggheration 3}
- sensitivity /|
[ 2 hep-ph D&03172v2 a hep-ph 08031722 .
0.2 | nhep-ph o029 02 | b rop pno7o3me
C ArXiv:09072379 v2 C Xv-0%072379 v2
[ d av-0907.1896 d arXiv:0907.1896
0 I o andv-0709.3289 R 0 @ arXi:07093289
105 10°° 10°° 103 102 107" 10°° 10°° 1074 1073

sin?26,,

Sensitivity Comparison: LCPV

Elaborated from arXiv:1005.2146
CP violation at 3¢ CL

sin226,, > 0.0004

V"E E ‘l",{: b E';Ex:\tsg;:;’ reactors n
== (75% CP fraction)
.: —100+3tm _/ = N 1 2 - 2

; o [0 ~ For sin“0,;, = 0.03 =» Sign(Am,,*)
s i — (75% CP fraction)
o 04 LENF | .

2 e o For sin“0,; = 0.001 = &,

moE , (60% CP fraction)




Betabeams, Neutrino factories etc. (New report)

CPV

IDS—-NF 2010/2.0

MIND LE

SPL

BB 100 se—
BB100+SPL
LBNE+Project X

2025

GLoBES 201

1074

True sin22913

107"

Global fit
Fogli et al, 2011




Betabeams, Neutrino factories etc. (New report)

sgn Am?

IDS—-NF 2010/2.0 -
MIND LE
SPL ﬁ

BB100
BB100+SPL
LBNE+Project X
2025

GLoBES 2¢1-

1074

True sin22H13

Global fit
Fogli et al, 2011




What strategy ?

[t seems as the value of 8,; with a few sigma will be known by end of
2012 (or new limits)

If the value of ©,; remains in the present range a medium term
superbeam program could be sufficient to probe the largest part of the
parameter space

Need to determine the mass hierarchy soon , either by a single
experiment (bimagical distance Pyhaslmi ?) or 2 complementary
detectors near/far

We will probe the 8,; with atmospheric neutrinos

We may know the preferred CPV quadrant by 2017-2018 but need
dedicated experiments with large mass unless we are lucky (guerilla
tactics ? )

Exposure optimisation should be the name of the game

Worldwide coordination should also be the name of the game




Cosmic sources




Solar System Neutrino
Astronomy

Sun- SK Earth--?




Geo-neutrinos

Fraction of Earth’s heat from ,
radioactivity is uncertain ... " siticate
neutrinos can constrain Earth

geophysical models,
measure U/Th

Recent (low significance)
measurements from Bulk Silicate Earth model:
KamLAND and Borexino ~1/2 of U, Th, Kin crust

have proven feasibility ::,/3 Sf%', T:("i: :;:rr:anue

. Borexino data
best-fit

reactors ¥,

SN contribution from geo-v,

- background

—

Events/240p.e /252 .6ton-year

T |
|5 |

T e

Number of anti-neutrinos per MeV per parent

-
4 1

o P 'y U
1000 1500 2000 2500 3000 3500
Light yield of prompt positron event [p.e.]

Anti-neutrino energy, E, (MeV)




(Geoneutrinos

« v, produced by U/Th decay chains, Ka

« Detection reaction: inverse beta decay
~1000 events per year

Goals

- measure abundance of **U and ***Th | |
inside Earth crust and mantle _° pminoutino onegy, . oV

- quantify the radiogenic constribution to BSE model-:
the total heat flux J ]

- help to understand geophysical @Pyhasalmi 50 TNU
processes and origin and formation of @Frejus 40 TNU
Earth

- with a 2nd detector (like Hanohano):
disentangle oceanic/continental crust - Reactor Neutrinos

- 9L and 8He: muon-induced Bn-emitter

Within one year error on total v - Fast neutrons and *C(a.,n)™0O:
flux in few % level each ~10 evts/year (MC)

Number of anti-neutrinos per MaV per parent

Background:
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Best bet for geoneutrinos is scintillator,
due to low energy threshold, good
energy resolution & low radioactive bg

Reactor neutrino bg is the biggest issue

i-ﬁ
i

I \g

Pyhasalmi

e | 2 —~a-
1 1 1 1'.1",7.!.15_1.1..‘.‘“..51. Tl 3 1111 i1l PSS AR "".'-fu_n_l IPROEI WO
6 7 8 9 10 5 6 7 8 9 10

Visible energy [MeV] Visible energy [MeV]

1 year statistics

Reactor bg

LENA arXiv.1104.5620



LENA @ Fréjus

« Reactor Neutrinos v,

« 50-25000 anti v, events per year, 3o contoyrs N\ S :?lgi\ jggmland
depending on detector site TN 147 kt yr MEMPHYS-Gd
- anti-v, disappearance experiment g : N 44 kt yr LENA
« precision measurement of solar |
oscillation parameters 6,,, Am?,,

— after 1 y: 3 ¢ error Am2,, < 3%

- Neutrino Oscillometry v,

» strong EC-source (MCi) close to
detector with E = O(100 keV) (*'Cr, >'Se)
- sterile neutrinos

-~ 0, Am?_ (see poster from Kai Loo)

 Pion at rest decay
« Search for sterile neutrinos
- Search for 8, 3., (compare Daedalus)




Solar Neutrinos

Neutrino-electron scattering (low threshold)
- Good shielding required (= 4 km.w.e.)

High-statistic spectral

observation and flux
measurement

Search for temporal

modulations with "Be

— 3o dicovery potential for
amplitudes as low as 0.5 %

for frequencies O(10min)- O(100y)
Precision test of the v, survival

>

Neutrino Energy in MeV

= | 3 ' pp ve —ev  >0.25 -
probability in the transition region pep 0.8-14 30 2.8x 102
Search for v, - anti-v, conversion ‘Be >0.25 35 1.0x 10

® X B >2.8 35 79

Test of SSM metallicity CNO 08—=14 30 1.9% 102




Core collapse supernova neutrinos

When a star's core collapses, ~99% of the gravitational
binding energy of the proto-nstar goes into v's of all flavors

with ~MeV energies (energy can escape via v's)

Timescale: prompt after core collapse, ~few SNae per century
overall At~10’s of seconds




Importance of Supernova Neutrino Detection

How do core-collapse supernovae explode?
How do they form neutron stars and black holes?
What are the nucleosynthesis products of supernovae?
What are the actions and properties of neutrinos?
What is the cosmic rate of black hole formation?
Which supernova-like events make neutrinos?
What else is out there that makes neutrinos?

We cannot solve key problems without detecting supernova neutrinos

Only neutrinos can reveal the interior conditions of collapsing stars
Detecting even a few neutrinos can often give decisive answers

Will open new frontiers in observational neutrino astrophysics

John Beacom, Ohio State University TAUP, Munich, Germany, September 2011




Distance Scales and Detection Strategies

N >>1: Burst N~1:Mini-Burst N << 1:DSNB

Rate ~0.01/yr Rate ~1/yr Rate ~ 108/yr

high statistics, object identity, cosmic rate,
all flavors burst variety average emission




Neutrino Emission Phases

[Fischer et al. (Basel Simulations), A&A 517:A80,2010, 10. 8 Mg, progenitor mass]
Neutronization burst Accretion

Cooling

80

o
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1S
= |
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Luminosity [1052 erg/s]
Luminosity | 102 erg/s|

Time [ms]

100 200 300 400 500 600

Time [ms]
NEUTRONIZATION THERMAL BURST (v, 7, , vy, %) i~ E~ 105 erg
BURST (v.): E~10% erg

Duration ~ 25 ms Accretion: ~0.5 s ; Cooling: ~10 s

Time |[s]

Large flux differences in Accretion Phase ( best for oscillation effects! )

Cooling Phase : Equipartition of luminosity




All detector types would observe copious neutrinos

Observed events at 10 kpc

Water Liquid scintillator Liquid argon
25,000 events in 100 kt 15,000 events in 50 kt 1500 events in 17 kt

10 20 30 4 S 6 70 80 S0 100 e R I R
Energy (MeV) 107"

Energy (MeV) 10 20 30 40 50 60 70 80 90 100
ﬁ _/\ o
Nearly pure Also nearly J\

nuebar pure Nearly pure nue!
(inverse beta nuebar, plus

decay on free NC channels
protons)

Signals are complementary... diversity in flavor
sensitivity good for getting physics from the signal!




SN neutrino Flux at Earth

Earth Matter Effect:

c05%0,, == P(v; == v,)
® Normal mass hierarchy

2 v 2
Ff = COS 912E7 + S1n leFb-,_ ) arth Matter

® Inverted mass hierarchy

® sin“4,>10"
) No Earth Matter

® sin’6,<10”
F_D — COS2 HIQFF -|—sin2 leFl? ) Eorth Matter

vV




Evidence of large 0,

[Fogli, Lisi, Marrone, Palazzo, Rotunno, arxiv:1106.6028]
see talk by Lisi.

Synopsis of global 3v oscillation analysis

L 7

03 04 05 06 07
)
sin 154

Matter suppression of collective oscillations during the accretion
phase, the next galactic SN neutrino burst could become crucial to
determine the neutrino mass hierarchy.

Study of observable signatures in progress.

Stay tuned |




Prediction from cosmic SFR

:$:¥:C£%lc SNR measurements

eUsing star formation rates and recent catalogs one Cataloe SNRs: + %
expects 1 SN /year <10 Mpc A fotal |

] © Luminous (M < -15)
* 9 have been observed <10 Mpg, in 3 last years = x3 m Dim (M > -15)

the above estimate

A supernova trigger

10
AT MEMPHYS(450Kkt) we expect Distance [Mpc]

«20 v events at 1 Mpc Horiuchi et al. (2011)

*Zvevents at 3.3 Mpc *Two possible strategies:

*Backgrounds 1/day eSee two events inside 10 seconds, Issue a SN

eFor 1 Mton (or x2 present rates) alert

*50% Detection probability of equal or more eSee an optical supernova, and examine a 10s
than 1 event up to 5 Mpc time span around neutrinos seen and trigger:

*50% detection probability of equal or more eGravitational detectors, Neutrino
than 2 events up to 3 Mpc telescopes




* DSNB
B Theoretical Framework

Third ingredient: Detector Capabilities Second ingredient: Supernova Rate
(well understood) (formerly very uncertain, but now
known with high precision)

First ingredient: Neutrino spectrum
(this is now the unknown)

Cosmology? Solved. Oscillations? Included. Backgrounds? See below.




First Ingredient: Supernova Neutrino Emission

Nonparametric reconstruction from SN 1987A data
Core collapse releases

~ 3x10°3 erg, shared by
six flavors of neutrinos

Spectra quasi-thermal
with average energies of
~ 15 MeV

v

>
L
p=
~
R
=
M
=

Neutrino mixing surely
important but actual
effects unknown

20 30
Goal is to measure the E [MeV]
received spectrum Yuksel, Beacom (2007)




Second Ingredient: Cosmic Supernova Rate

r Number of massive stars unchanging due to short lifetimes

ANY _ g, (N AN AN
dt o - dt star dt bright dt dark

birth collapse collapse

| | |

Measured from N/t Measured from Inferred from mismatch;
using luminosity and the core collapse can be measured by star

spectrum of galaxies supernova rate disappearance;
can be measured by DSNB

(now high precision) (precision will (frontier research area)
improve rapidly)




Predictions from Cosmic Star Formation Rate

t [Gy1] Total star formation rate
310 654 3 2 deduced from massive stars
l\ _ 7 7 T . . ., . -
using initial mass function (IMF)

Impressive agreement among
results from different groups,

techniques, and wavelengths

Integral of R¢; agrees with data

o
[l-

Hopkins & Beacom (2006)
Rujopakarn et al. (2010)

LBG: Reddy & Steidel (2009)

LLBG: Bouwens et al. (2008) integrated
LBG: Verma et al. (2007)

GRB: Kistler et al. (2009) - ~

UDEF: \1121[ :3{1 afll. (l 2009) integrated R SF ( ~ )
R-SN (’3) =~ —

3 4 5 6789 143]\‘[@

]+z7
Horiuchi, Beacom (2010)
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IMF uncertainty on Rq, small




Measured Cosmic Supernova Rate

Lietal. (2010b1)
Cappellaro et al. (1999)
Botticella et al. (2008)
Cappellaro et al. (2005)
© mean local SFR Bazin et al. (2009)
(see Figure 2) Dahlen et al. (2004)

(?—
Q
Qo
Y

Y

-
2’
Z.
»n

02 04 _ 0.6 08
Redshift z

Horiuchi et al. (2011);
see also Hopkins, Beacom (2006),
Botticella et al. (2008)

Measured cosmic supernova
rate is half as big as expected,
a greater deviation than
allowed by uncertainties

Why?

There must be missing
supernovae — are they faint,
obscured, or truly dark?

Preliminary Dahlen (2010)
points near solid line, below
preliminary Dahlen (2008)




Spectrum after Oscillation

___no oscillation
LMA

® Here, we only consider
the case of normal mass
hierarchy.

® Oscillation enhances the
high-energy tail.

e But not dramatically at
detectable energy range

(<30 MeV), diffuse SN v's (DSNB)

Neutrino Energy |Me

Neutrino Flux per sq-cm per second per MeV

40 50 60 70 80 90 100
Neutrino Energy (MeV)




Limits on Supernova Neutrino Emission

2003 Super-Kamiokande limit:
®d<1.2cm?s1(90% CL)
for nuebar with E, > 19.3 MeV

Supernova rate uncertainty is

now subdominant; this limits

the effective nuebar spectrum
that includes mixing effects

Within range of expectations

from theory and SN 1987A!

[10° erg]

v

L

Excluded by SK
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5 10 15 20 25
Average Energy <E > [MeV]

Yuksel, Ando, Beacom (2006);
SN 1987A fits from Jegerlehner, Neubig, Raffelt (1996)




Energy Spectrum Fits

SK-I:

Best fit is slightly negative DSNB

relic
- all background
- v CC
3
v, CC
- NC elastic
wx

Jr

Gt

40 70

38-50 degrees C. angle (MeV)

SK-11 and SK-III:
Best fit is slightly positive DSNB

relic 1

= all background _
— v, CC
v, CC

wi

NG

' 1 1
40 50 80
38-50 degrees (MeV)

relic
- all background
— v CC
v,CC
- NC elastic
wix

—

40 50 60
38-50 degrees (MeV)




Forthcoming 2011 Super-Kamiokande Limits

To be conservative, new limits are a factor ~ 2 worse than before

SK 1497+794+562 Day

" SK 1497+794+562 Days
Excluded (E>16Me

Excluded (E>16MeV) 1
v.—e* (90%C.L.)

w

N

SN v_ Energy in 10°%erg

—
T

| FETETI FRTET | L Loea il L Livis | sl L |

3.0 35 40 45 50 55 6.0 65 70 75 80
T_in MeV

2.5 3.0 35 40 45 5.0 55 6.0 65 7.0 7.5 8.
T_inMeV

Must further decrease detector backgrounds and energy threshold




SRN at GLACIER (Cocco et al. hep-ph0408031)

yrs 3kton)

Rate (N/2MeV in5

: = ——— 1 2.5%
» Good energy resolution v Ee(MeV)

*No sensitivity beyond z=1

«2 irreducible backgrounds:

Solar and atmospheric v,

42 46 50
E, (MeV)

*30% systematic on atm flux

*No background from
G e " Plv, — v,)
*“invisible muon decays - - 3 .
normal arge . : cos® B

« spallation from CR muons inverted sin® f13

. normal /inverted | ( sin’ 9 cos? H12
*NC recoils
“Dependence +-20% to beta slope Nspy — 57+12, 16MeV < E, < 40 MeV

* Dependence on oscillation scenario




Diffuse SN Neutrinos

 Detection reaction: inverse beta decay _ N
. : e in ™ oo vV, +p—n+te
- prompt signal from positron annihilation ¢
- delayed 2.2 MeV vy 's from neutron capture (t ~ 250 us)
- good distinction from single events
» Observation window: ~10-30 MeV
» Expected events: 35-70 in 10 years
- spectroscopy possible if background under control

T
energy window

Background

| ractor | e atm. and reactor v_ (both location
| | dependant)

« °Li, 8He: Bn emitter

» spallation neutrons from the rocks
«fast neutrons

».NC atmospheric v reactions

S

O >

event rates (per 10yrs -MeV)

o

atm.i’,

-
o

5 10 15 20
neutrino energy (MeV




Supernova relic neutrino in MEMPHYS

50 in a few years

460 kton - 6 yr f

rR.2 kton - 10 yr

-
¢ ]
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[
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o
@
—
=)
T
;
r
=
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3]

Figure 5. Signal-to-noise ratio S/N of SRNs at pure-water Cerenkov detectors (8),
as o function of a cocrection factor f, for the SFR model (4). LL is assumed foc the
original peutrino spectrum. Each line s labeled by the value of the effective volume
Va-




Possible enhancement:

use gadolinium to capture neutrons for tag of Ve

v, +p— € +@
Gd has a huge n capture cross-section:
49,000 barns, vs 0.3 b for free protons;

n+Gd—>Gd — Gd+y Y E, =8MeV

Previously used in small scintillator detectors;
may be possible for large water detectors
with Gd compounds in solution

Beacom & Vagins, hep-ph/0309300
H. Watanabe et al., Astropart. Phys. 31, 320-328 (2009), arXiv:0811.0735

Number of Events

About 4 MeV visible energy per capture;
~67% efficiency in SK gl
= need good photocoverage e Mo
Energy [MeV]




Benefits of Neutron Tagging for DSNB

Solar neutrinos:
eliminated
GADZOOKS!
Spallation daughter decays:
essentially eliminated

Supernova v

(DSNB) © _
Atmospheric

Reactor neutrinos:
now a visible signal

\'

¢

dN/AE_ [(22.5 kton) yr MeV]"

Atmospheric neutrinos:
significantly reduced

. 10 15 20 25
DS N B . Measured Ee [MeV]

More signal, less background! Beacom, Vagins (2004)




EGADS Proposal
EGADS Facility

In June of 2009
we received Gd Pretreatment 240 50-cm PMT’s
full funding RURIE

(390,000,000 yen
= ~$4,300,000)
for this effort.

Hi

i —

l

Selective Water+Gd 200 ton (6.5m X 6.5 m)
Filtration System water tank (SUS304)  [ransparency
Measurement




Proton decay

The SM 1s an effective field theory, ie. at some high
scale A new degrees of freedom will appear

1 1
Lsy + K£5+ Fﬁfs + ...

Complementarity
Lons to LHC?

’ﬂtmmagnetic

Unification

>
102 106 1010 1014 1078
Energy [ GeV ]

Neutrino mass and proton decay are our best probes of these extensions




Proton decay

In 4D SUSY SU(5), SO(10) dimension 6 operators "M,
independent” depend essentially on unification mass
generically predict t,=103%-103%y

0.015 GeV? ,

“ years.

My
—

5 x 10% :
’ (3 x 1016 GeV Blattice

In 4D SUSY SU(5), SO(10) dimension 5 operators

depend on sparticle spectrum (msusy), family structure,
triplet higgs mass generically predict t,= 3 x10%3- 3x103%y
LHC interplay (Ellis et al.)

¢ ’3lattice
~ ——=(Loop Factor) -
MgTT fr

0.015 GeV?®
)© years.

. 1
T(p—= KT +7) < (‘§ —3) x 10% (

r"jl attice

e SUSY at 4D enhances dim 5 operators

eUnification in higher dimensions (5D,6D) suppresses dim 5
operators and enhances dim 6

eComplementarity of the two channels.




Lots of modes with varying theoretical motivations
Super-K currently dominates the limits

Frejus Kamiokande IMB Super-K 1+l1+lll

p— e no 9 0 ] 0 80

minimal SU(5) minimal SUSY SU(5)

p— e nd
predictions

flipped SU(5), SO(10), 5D SUSY SU(5)

for some
p— e+ KO modes,
p— +KO efficiency
n>VKC [ # is lower
p—>VE- | # in water
minimal SUSY SU(5) SUGRA SU(5)
p—>VK™* SUSY SU(5) with additional U(1) flavor symmetry
predictions A
various SUSY SO(10)
SUSY SO(10) with G(224)
SUSY SO(10) with Unified Higgs

| | lllllll 1 1 lllllll 1 I L iri1

33 34 35

10 10 10
T/B (years)




Nucleon decay sensitivity vs time LENAIn
10 years

[

-t
o
w
w
R T

Lifetime Sensitivity (90% CL)
Lifetime Sensitivity (90% CL)
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v
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this mode
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best for
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For kaon modes, LAr does better due to excellent
fine-grained tracking and lack of Cherenkov threshold

p—>VK" decay n—>VKdecay

Br=63.5% n o~ v k?

p—v K

kaon also a signature for
decay this mode in scintillator
products (no Cherenkov threshold)

using photon timing
(hep-ph/0511230)




IMB/Kamiokande ) VV C
SuperkK in 10 years
UNO in 10 years L Ar

| | |
[ I I R :
30 31 32 ] IMB/Kamiokande——pe
100100 100 1 . K
——m= Non-SUSY SU(5) SuperK in 10 years

#| Two-step Non-SUSY SO(10) ~ UNOin 10 years lifetimes n years

| | | | |
[ [ | [

- Complete 5D SU(5)

|
I 2 4 AL T vl
String Theory 6D-Brfnes 100 10" 10" ||0’ > 10® 10"

MSSM SU(5)

s4——pe | Thee Family Hetrotic String Model
Complete 5D SU(5)
MSSM SU(5) -——
5D SU(S) Strongly Coupled

Flipped SU(5)  ~———

Split multiplets  -=#— SUSY Without GUT

Minimal SO(10) SUSY Model

MSSM S0(10) -t
Fermion mass correlated MSSM SO(10)

MSSM SO(10)-generic —] Fermion mass comelated

Extra dimension at GUT scale -+ MSSM SO(10)-generic




Dutstanding physics goals

Total mass

p->en°inioy

p->vKinioy

SN cool off at 10 Kpc

Sn in Andromeda

SN burst at 10 Kpc

DSN
Atm. neutirnos
Solar neutrinos

Geo-neutirnos

T. Patzak, APC, University Paris Diderot, TAUP2011, 5 — 9 Sep

100 Kion

0.5X103%y
e = 45%, ~1 BG event

1.1X103°y
e = 97%, ~1 BG event

38500 (all flavors)
(64-000 if NH-L
mixing)

7 - (12 if NH-L mixing)

380 v. CC (flavor
sensitive)
50
~1100 events/y

324-000 events/y

0

LENA

50 kton

0.4 X103y
e = 65%, <1 BG event

20-000 (all flavors)

4 events

~ 30 events

20-40
5600/y

?

~ 3:000 events/y

tember 2011, Munich, Ge

-l] H] n] MEMPHYS

500 Kton

1.2X 103y
e =17%, ~1 BG event

0.15 X103y
e =8.6%, ~30 BG
events

194-000 (mostly vep->e
)

40 events

~ 250 v-e¢ elastic
scattering

250 (2500 with Gd)
56-:000 events/y
01:250°000/y

0




Summary of

(some) large —
detector E \ﬁg»
PhysSICS e —T—

Long baseline Yes, proven Yes, good efficiency Some reconstruction
oscillations possible

Proton decay Yes, e+n0 Yes, Kv Yes, Kv

Atmospheric Yes, huge statistics  Yes, fine-grained Possibly
neutrinos reconstruction

Supernova burst Yes, anti-v,, huge Yes, v, Yes, anti-v, + good
statistics, pointing NC, good statistics

DSNB Yes, with Gd v, UnKknown bg Possibly, bg under
evaluation

Geoneutrinos No No Yes

th for all but LBO




NNN10 International policy context

The OECD GSF established in 2008 a WG to make a 2 year
study of the options of world wide coordination

v On October 2010 the WG presented a report with 3 main items:

. A worldwide definition of the field, despite porous frontiers
. A roadmap of possible coordination issues

The establishment of a more permanent forum for the discussion of
coordination issues (first mandate 3 years).

e First meeting April 5 2011 in Paris .
ICFA (24 July Paris, next meeting CERN October 2011)

v A steering committee was formed to provide guidance for a document
describing opportunities for particle physics across the world. It will show
the physics opportunities, and give a list of currently open questions and
possible future ways to answer them




What is the Astroparticle Physics International
Forum (APIF) supposed to do?

about relevant national and regional developments,
plans and priorities. Regularly update the strategic vision of the OECD report.

2. Explore the prospects for (design studies for experiments, research
and development)

3. Study options and and mechanisms for
potential new international collaborative projects.

4. Consult on relevant generic science policy issues, such as
, or contributions to operating costs of facilities by users.

5. Analyse the needs and requirements for rare resources such as isotopes for
detectors and, if appropriate,

6. Engage in a collective
(space physics, high-energy physics, nuclear physics, astrophysics)

7. Develop strategies and procedures for




APIF A roadmap of possible coordination issues

The astroparticle physics community, despite its relatively short history, has achieved good
levels of international coordination. Nevertheless,

In some areas a healthy diversity and
competitiveness is desirable for the instruments under construction, even while procurement of
rare materials needs to be coordinated, and convergence should be encouraged for future very
large third-generation experiments.

In other areas

the small number of existing observatories worldwide already operate (or intend to operate) as
single integrated worldwide networks. In these areas, the planning of future projects should
include consideration of enabling policy issues such as governance, site selection, access to the
experimental resources and to data, and operating costs.

Lastly, there are very large-scale projects

whose cost, complexity and multiple links to neighbouring scientific disciplines (astrophysics,
cosmology, particle physics)




What APIF is NOT supposed to do ?

v'It is not a new super-agency
v'The activities of APIF would not pre-empt or interfere with national or
regional mechanisms for planning, prioritising, authorising, funding or
overseeing specific research projects.

v'It is not a scientific advisory body:

v'As needed, APIF would seek information and advice from the
international scientific community. It could invite individual experts,
spokespersons of projects or members of scientific bodies to attend APIF
meetings or to participate in subsidiary activities.

v'The Working Group also recommends that the scientific community
strengthen its activities aimed at ensuring vigorous, globally coherent
progress in astroparticle physics. Specifically, the International Union of
Pure and Applied Physics (IUPAP) could review and, if appropriate,
adjust its mechanisms for promoting international scientific co-
operation and discussions among scientists about the future of the field.




Conclusions

v’ It seems that we were lucky 0;;appeears to be large promising a rich
harvest for “standard matrix determination”. But, need to keep our eyes open
to the unexpected (sterile neutrinos, Lorentz violation,...)

Large detector technologies are complementary

v Large detectors also are astroparticle physics observatories (supernova) and
cosmological probes (proton decay)

v'This gives a multitude of possibilities across the world that need to be
coordinated at least wrt to their goals

vIn Europe CERN, ASPERA strategies are in development, we need work to
optimize along the above axes. The global NNN community should move to
closer coordination forms. The OECD GSF Astroparticle Forum (APIF) could
be a tool for promotion of a worldwide strategy




