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Physics Areas — Prioritized for WC!

1 Nucleon Decay

Long-Baseline Neutrino Oscillation
Supernova Neutrino Burst

Diffuse Relic Supernova Neutrinos
Atmospheric Neutrinos

Indirect Dark Matter Neutrinos
Solar Neutrinos

N O O B WN

Best detector technology overall for proton decay, mass needed for next generation.
Other detectors such as LArTPC can do at least equally well.

Best detector for anti-nu-e. Next generation desirable to go beyond the Milky Way.
No sign so far. Next generation probably needed. Unique to WC.

Simply an SK scale up. LArTPC, magnetized detectors or huge ice detector are novel.
No hints so far. Competitive at low WIMP mass.

Physics of 8B neutrinos is largely explored already. (Skip)

N o ok N e
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(1) Nucleon Decay
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* Highly prized physics motivation:
Grand Unification of quarks and leptons, and
strong, weak, and electromagnetic forces!

* Test of unexplained symmetry: baryon number.

* Connections to neutrino mass, cosmology, baryon asymmetry of universe ...
* Supersymmetric versions of GUTs are of great theoretical interest.

* ~10%> GeV energy scale — inaccessible to accelerators.

* (If no discovery) limits are valuable: new models must work hard to accommodate.
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Theoretical Context

1

i

1 " 1

7 In the MSSM case, the sparti-
1  cle mass thresholds are varied be-
1 tween 250 GeV and 1 TeV, and
1 az(myz) between 0.113 and 0.123.
1 Two-loop effects are included.

[Martin, Supersymmetry Primer]

50 - (11_1
40 +
3 §
a 30 :’fé:lii:l‘
“2_1
20 £
, 10 L=
SUSY raises the | Gy
GUT scale ... 0 & P
2 4 6

... rescuing gauge mediated
proton decay from the
strict limits of Super-K ...
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... but which may still be within reach ...
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... and allows d=5
modes that may
also be within reach.
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Theoretical Context

Soudan Frejus IMB
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Theoretical Context

Soudan Frejus IMB Super-K (2013) Hyper-K
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Single Event Discovery is Possible

Super-Kamiokande |
Run 999999 Sub 0 Event 112

—I—ﬂ.()

Time (ns)
J < 952

¢ 1042-1052
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¢ 1072-1082
® 1082-1092

>1092
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Times (ns)
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Sensitivity from SK Studies

Total momentum (MeV/c)

1000 — [ .
°Sup°er-Kamiokande -1V p—>e+n° MC [ ! Super-KamlokandeIIV data
800 . - SK 1 4 260 kton y
600 b
400 [
200 :
0 6500 400 600 800 7000 1200 0 200 400 600 800 1000 1200 O 200 400 600 800 1000 1200
Invariant proton mass (MeV/cz) Invariant proton mass (MeV/c ) Invariant proton mass (MeV/cz)
20% coverage) SK2 | SK3 | _(new ecrnic) KA
Efficiency 39.2+0.7 % 38.520.7% 40.1x0.7 % 39.5£0.7 %
Background rate (/Mty) 2.1+0.5 2.2+0.5 1.9+0.5 1.6+0.4
+0.42 +0.45
Background rate (/Mty) K2K Tkton check 1.63 '/ (stat)” ¢ (sys.)

Photocoverage is not an issue for such an energetic mode.
Sensitivity is easy to calculate: efficiency and backgrounds are reliably predicted)
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- Nuclear Physics of
% 30+t ? e 16
1 \ Proton Decay in *°0
g 2°ec_£m_ o ¥ Spectroscopic factors measured in 160(e,ep)°N experiment

o s I‘, 01 | od Gamma-ray emission measured in °0(p,2p)*°N experiment

14c+p 9.93 N+n
6.32 (P%)-l

ot éN (P!

Hole Residual States (k) E, E, E, B (k)
(Prn2); ! g.s. 1 5N 0 0 0 0.25
(p3s), ! 6.32 3 N 6.32 0 some 0 0.41

9.93 2= ISN 9.93 0 gammas 0 0.03

10.70 F 1SN 0 0.5 0 0.03

(51,2, " g.s. 1t 4N 0 0 ~20 0.02
7.03 2% N 7.03 0 ~13 0.02

g.s. 3 BC 0 1.6 ~11 0.01

g.s. 0* 4C 0 ~21 0 0.02

7.01 2+ 4C 7.01 ~14 0 0.02

g.s. 1= BC 0 ~11 ~2 0.03

(j),! others many states <3-4 0.16

few neutrons
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Single Event Discovery is Possible
@

Evis: 53.2 MeV
mu-like, p = 231.0 MeV/c

p—>vKT

Resid(ns)
> 182

kaon decay
to single muon
with gamma tag

®  -45- -22
¢ -68- -45
¢ -91- -68
¢ -114- -91
¢ -137--114

<-137

Photocoverage
is an issue for
Tlmes(ns) " this mode.
ytagplusmin® | SKL| Gokcoverage) SK2 | SK3 (nw olecronic9 SK4-
Efficiency 15.7 % 13.0 % 15.6 % 19.1 %
Background rate (/Mty) 2.8%0.5 6.2+0.8 2.3+0.5 2.0+£0.3
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Improvements for Proton Decay

* Background reduction by neutron tag:
- add 0.2% GdNO,

-n+Gd — 8 MeVy, At =20 us

- many atmospheric v events
accompanied by n

- see posters this NNN

* Free protons:
- Free protons are an advantage for WC
no nuclear abs., no Fermi motion
- E.g. Tighten cuts for free proton
(at expense of efficiency)
- Cross-over in sensitivity: O(10+ Mton-yr)

€ = 40% - roughly 17%
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(2) Long-Baseline Neutrino
Oscillation

DETECTOR
NEAR
DETECTOR
Tttt muon neutrinos ~ 7 &=
PROTON
ACCELERATOR

* Massive water Cherenkov detectors have been and are considered
for a wide range of accelerated-made neutrino beams.

* Since 013 is large, the gateway is open for Mass Hierarchy and CP-violation.

* Numerous experiments consider using Water Cherenkov.
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Three Flavor Oscillation (L/E)

0.15} ]
3 0.10
/]\
Li
T 0.05
0.00L
500 1000 1500 2000 2500 3000
L/E
" LBNE-WC
CTHK

__ _EURONU
.. ... .| DAEDALUS

12 November 2013 Ed Kearns - Physics with Massive Water Cherenkov Detectors - NNN13 Kashiwa




Neutrino Cross Sections

:3;1.4 :3; 0.4 TOTAL .
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|deal range for MEl — m2/2

beam neutrino EU

studies is below 1 GeV: N M — El -+ Di cost

for QE scattering
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Hyper-K Spectral Analysis

Events/50MeV

S

Events/50MeV

g

2

100f

v mode Vv mode

Events/50MeV

1
E,'®¢ (GeV) E,'*¢ (GeV)
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Hyper-K CP Precision

1p . - .
- Hyper-K =
- 75MWy
- 5% systematics >
® o
< OF @
- 1o
- 20
— 30
_1E .|.I.|m/.mml...
0 0.05 0.1 0.15
Sin226, 5

Assumes mass hierarchy is determined! — by other experiments, combinations, atm. neutrinos
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Precision Benchmark

15 degree precision allows for discrimination of some selected sum rules

612=35°+643C085 currert best fit values and errors

012=32°+613C0S6 for 612, 613 and 623 taken from
= Fogli et al. 2012

"33:45' +v 2 647C0S0o

fp3=45°-1/ \/?91 3C0So

f12=45°+6043C0S6

3% on sin263
7% on sin%642
1% on sin®26,3

1 1 1 L L 1 1 fl | L 1 1 L
0 50 100 150
predicted value of écp [©]

http://arxiv.org/abs/arXiv:1310.4340

12 November 2013 Ed Kearns - Physics with Massive Water Cherenkov Detectors - NNN13 Kashiwa



(5) Atmospheric Neutrinos

g™
«\'\c,%/
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_________________ >
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Energy
A CCv,:icCCv, Up-u
* 5 decades of energy FC FC iFC FC o
1lring mring: 1ring mring PC RC
* 4 decades of path length < | e-like e-like | p-like p-like stop thru e
) :
U] : L
* matter effects 5 L =
: i ; stop
* up-down symmetric flux (Multi-GeV) : = L
. . . l | || || |
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(5) Atmospheric Neutrinos

nx
cO‘—‘“:\C?
FAR - ’éo(('\‘\os
DETECTOR At
-7 NEAR
\ 2 DETECTOR Cosmic Ray Proton
e e———— >
Utr; PROTON
T~ o ACCELERATOR
* 5 decades of energy * Mass hierarchy
* 4 decades of path length * Octant of 623
* matter effects * 3-flavor oscillation with different

* up-down symmetric flux (Multi-GeV) L, E, matter than beam experiment

* mixed flux of v,, v,, anti-v,, anti-v, * subdominant / exotic physics
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(5) Atmospheric Neutrinos
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Oscillograms: Graphical representations of v mixing probability
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Normal Hierarchy minus Inverted Hierarchy
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First Octant minus Second Octant

P(1st Octant ) - P(2"? Octant)

P(v,—Vv,;0,;=04)-P(v,—>v,; 0,;=0.6)

P(v,—Ve; 0,3 =04)-P(v,—> v, ;0,;=0.6)

. A -0.3
i 10 10?
~10,000 km

Fnarem [(Sa\

Multi-GeV mu-ike | | Up Stop

Multi-GeV e-like v, — 923 = 0.4 vs. 623 =0.5

OFQ Oﬁbq:r In 1t Octant:

_ | More multi-GeV muon survival
f_1 L 11 2 L A = Less electron appearance
cos zenith cos zenith l cos zenith 4
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Example Zenith Distributions (10 yr HK)

2000

Multi-Ring e-like v

cos zenith

0 1

2000

1000

Multi-GeV e-like v,
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cos zenith

0 1

Multi-GeV mu-like

50001 =
G | . L . N
-1 0 1
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PC Stop

1000

0 1
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| Sub-GeV e-like 1-dcy e

4000}

2000}

]

500 1000
lepton momentum (MeV)

10000

Non-showering

-0.5 0
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Ed Kearns - Physics with Massive Water Cherenkov Detectors - NNN13 Kashiwa



Multi-GeV v_-like and anti v_-like samples

Octant dependence CP-0 dependence
1.2 B $2,=0.4, Inverted hlerarchy 1.2 B ——CPb= 400
- s2,=0.8, Inverted hlerarchy L -
r=m s2,=0.5, Inverted hlerarchy - . . —— CP5=140°
115 I N - s2,=0.4, normal hlerarchy 1.15 - (b)Multi-GeV v -like CP 5 =220°
UL N [ s2,=0.6, normal hlerarchy g ™ " o
é z E s2,=0.5, normal hlerarchy ) = —— CP6=320
1.1 (b) Multi-GeV v_-like 140
Z, o | Z; 05E
b4 :_l—: ;" ) -
1 E= : -|
TBL-INNRESt
i I O - I - :
0.951 0.95
0-9—.Ill|lllIl[llllllIllllllllllllllllllllll og_lllllll|||llll|llll|ll|l|ll|l|lllll|lll
-1 -08-06-04-02 0 02 04 06 08 1 “1 -08-06-04-02 0 02 04 06 08 1
cos © . . . . s 6 . . . .
Composition (%) CCwv, CC anti-v, CC v *anti-v,
i 1R 60.2 10.6 13.5 14.8
v, like
MR 57.5 17.4 10.7 13.7
Anti-v, like | 1R 55.7 36.6 1.1 6.4
MR 51.9 20.7 8.2 19.7
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Octant Sensitivity
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(3 Nutrino urst

* Guaranteed signal — if you run long enough.
* Enormous statistics in a megaton-scale detector.

* Time profile and spectra of great astrophysical interest.
Possibilities such as Si-burning and black hole formation.

* Standard picture: Initial burst of v, and cooling tail of equal flavors
* Matter effects in SN and in earth may be revealed.

* May reveal fundamental neutrino physics as well.

12 November 2013 Ed Kearns - Physics with Massive Water Cherenkov Detectors - NNN13 Kashiwa
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Supernova Rate
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Ando, Beacom, and Yueksel (2005) c
i il Q
S
O
0.8 _ 3 180 ¢
: 5 3 |9
o o A Gal 0
' cnon % alaxy
506 © i@ ; Catalog | 60 "6
< 00O

A 532 {3
7 ga% =V C
504 S o= . 40 _'C_)
a7 O v A ~

- =l -
o § v A logg\ 3 S 8
| 02 = Y z48° 3220 1n
Milky Way: ) 588 z ~ ~

few percent a < >Z i 2 500 kton
chance per year —» ‘ ; ‘ ‘ 0 5 detector adds
% 2 4 6 3 10 > few-event
Distance D [Mpc] W' coincidence

from Andromeda
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Supernova Observables

Average Energy [Mev] Luminosity [10%¢ erg/sec]
— — 4V ] FAV)
o o o o

()]
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Time profile
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Energy Spectrum

T. Totani et al. Ap.J.496, 216 (1998)
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104

events/0.74Mt/MeV

12 November 2013

Event Rates in Hyper-K

Supernova distance 10 kpc

-------- vep 1B

~

- Entire inner volume (0.74 Mton)
] should be useable for SN burst.

~

Ny L

10 20 30 40 50 60
visible energy (MeV)
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Enough Statistics to
Dlstmgunsh SN Models

omum(gge)

Sumiyoshi et al (2005)henOS

0 0.05 0.1 0.15 o.é"o'.z'é'b.s
Time (sec)

Mean energy (MeV)

N N
~ O

N
o
—r—

- -
N B

N
N
——

—
e o
—_—

-------------------------------

[ Totani et al (1998)
¥ Th mp I (2003)

B Smy shi e tl(2005)Sh n EOS

e e

.......

0 0.050.1 0.15 0.2 0.25 03
Time (sec)

Ed Kearns - Physics with Massive Water Cherenkov Detectors - NNN13 Kashiwa



1400 |

1200
< 1000

In

events/

12 November 2013

800 |
600 |
400 |
200 &

Dnrectlonal Pomtmg

Energy 5- 10 MeV :1 1600 Energy 20 30 MeV

1400 |
v+e | _1200]
S 1000 |
800 |
600
400 |
200

ob— .

events/b

O..

025 05 075 1 05 06 07 08 09

Accuracy of
1-2 degrees

Ed Kearns - Physics with Massive Water Cherenkov Detectors - NNN13 Kashiwa

1

34



Mass Hierarchy Determination

Neutrino — antineutrino matter resonance swaps with Normal — Inverted Hierarchy

3] ' L
gw 3L e Energy 45 + 5 MeV
E LHT e 1 ]
E : 2 2
s | sin 613-1 0
§ i 10 3 I.LH. with shock ___ |
5 4n 2| I.H. static ____ ]
_.%_, 10 i Neutronization v+e ] N
g No oscillation
>
1y eeOuliontt,
10 S 56 evts
" Oscillation N.H. ]
e, JSO BVES g2l )
2 4 6 8 10 12 14

0.02 004 0.06 008 0.1 Time (sec)
Time (sec)

Size of neutronization burst Observation of shock wave
may suggest hierarchy in IBD events favors IH
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(4) Diffuse Relic Supernova Neutrinos

10 7 g

10
10

Neutrino Flux per sq-cm per second per MeV
-_—t
=

-
o

7

6 - reactor v
10 5§ ‘\ solar v Constant SN rate (Totani ef al., 1996)
104
3 \\ Cosmic chemical evolution (Hartmann et al., 1997)
10 °F -
10% \ LMA v oscillation (Ando e al., 2002)

||||||||a

* Integrated SN neutrino flux
from all galaxies (to z=1)

----------
..........
o= .

* Probes star formation models
as well as supernova models.

* Not yet observed!
- Should be observable by

o

10 Lo

n megaton-scale WC detector.

0 10
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20 30 40 50 60 70 80 90 100

‘ \ Neutrino Energy (MeV)

search in this
energy range
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DRSN Event Rates (Hyper-K)
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Remarkable improvement

with Gd tagging of neutron.
See A. Renshaw talk.
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(6) Indirect Dark Matter

* High energy neutrinos from dark matter decay or annihilation in the:

Sun

Earth

Galactic Center plus Halo

* Competitive with colliders, nu telescopes and direct detection at low mass (10s of GeV)
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Summary

Nucleon Decay

Long-Baseline Neutrino Oscillation
Supernova Neutrino Burst

Diffuse Relic Supernova Neutrinos
Atmospheric Neutrinos

Indirect Dark Matter Neutrinos
Solar Neutrinos

N oo bk N e

A broad physics program makes a compelling case for a
next generation massive Water Cherenkov experiment.

In most cases, the physics opportunities are really
complementary to that of a massive LArTPC.

But that’s another talk ... b
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