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The-neutrino-sky-
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ExtraHterrestrial(Sources:(

•  Big(bang(relics((~10H4(eV)(
•  Solar(neutrinos((~1(MeV)(

•  CoreHcollapse(supernova(
neutrinos((~10(MeV)(

•  Atmospheric(neutrinos(

•  Neutrinos(from(cosmicHray(

sources((GRBs,(AGNs)(

•  Cosmogenic(neutrinos(

(~1015H1020(eV)(

Terrestrial(sources(

•  Geothermal(neutrinos(



The-big-ques5ons-

•  Neutrinos(probes(of(astrophysics(

–  What-makes-a-core-collapse-explode?-
–  Can-we-refine-the-Solar-model?-
–  Where-are-cosmic-rays-accelerated?-
–  What-is-the-nature-of-dark-maDer?-

•  Neutrinos(probes(of(fundamental(physics(

–  What-are-the-proper5es-of-neutrinos?-
–  What-is-the-physics-beyond-the-

Standard-Model?-
–  What-is-the-physics-at-high-

temperature-and-density?-
–  What-is-the-nature-of-physics-at-very-

high-neutrino-density?-
•  Surprising(physics?(New(sources?(
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νs(dominate(the(energy(

budget(and(offer(a(view(of(

the(interior(

νs(offer(a(view(of(the(
solar(interior(and(fusion(

HighHenergy(νs(as(
smoking(guns(of(hadronic(

interacAons(

Dark(maWer(search(

requires(mulAHmessenger(



GALACTIC'SUPERNOVA'NEUTRINOS'
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SN-1987A-in-the-LMC-
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Sanduleak(H69(202( SN(1987A(23(Feb(1987((



SN-1987A-in-the-LMC-
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Sanduleak(H69(202( SN(1987A(23(Feb(1987((

99%((((((((into(neutrinos(

((1%((((((((into(shock(KE(

((0.01%((into(photons(

Energy(budget(~(3(x(1053(erg(Massive(star((((((((((((~1.4M
sun
(core(((((((((Neutron(Star((

Fe( n(



Interpre5ng-SN-1987A-Neutrinos-
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ConfirmaAons:(of(the(typical(AmeHintegrated(neutrino(emission,(and(the(

neutrino(spectrum.((
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Adapted-from-Jegerlehner,-Neubig-&-Raffelt-(1996)- Yuksel--&-Beacom-(2007)-

Blue:(recent(longHterm(simulaAons((Basel,(

Garching).(Contours(show(CL(of(68.3%,(90%(

and(95.4%(

Grey(region(shows(a(simple(FermiHDirac(

spectrum.((



Supernova-mechanism-
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The(problem:(the(bounce(shock(stalls(at(~150(km.(How(is(this(stalled(shock(

revived?(This(is(the(“supernova(mechanism”(

OD,-Burrow,-Dessart-&-Livne-(2008)-

Cooling:(

(

HeaAng:(

Q�
⌫ / T 6

Q+
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The(neutrino(mechanism:((

net(energy(deposiAon(in(the(gain(

region(behind(the(shock(

(

(

(

(

(
(

But(this((mostly)(fails(in(1D((the(

excepAon(is(small(mass(stars(

with(OHNeHMg(cores)(

(

MulAHdimensionality(and(fluid(

instabiliAes(likely(play(a(central(

role(

Wilson-(1985),-Bethe-&-Wilson-(1985,--…(

Gain(region(



Standing-Accre5on-Shock-Instability-(SASI)-
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NonHradial(oscillatory(shockHdeformaAon(mainly(of(l(=(1,(2(modes((Blondin-et-al-2003)(
Many(subsequent(2D(studies(obtained(robust(explosions(with(SASI(

SASI(in(3D:(

IniAal(simulaAons(showed(

mixed(results:(easier(

explosions,(to(

considerably(reduced(

SASI(acAvity…(

(

More(recent(3D(

simulaAons(with(detailed(

neutrino(transport(shows(

strong(SASI(acAvity(

(

But(whether(they(lead(to(

explosions(sill(unclear(

Hanke-et-al-(2013)-

Foglizzo-et-al-(2006,-2007),-Suwa-et-al-(2010),--
Takiwaki-et-al-(2013),-Bruen-et-al-(2013),-etc--

154(ms( 223(ms( 240(ms(

245(ms( 249(ms( 278(ms(



Observing-the-SASI-mechanism-
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SASI(imprints(fast(variaAons(in(luminosity(

and(energy(which(can(be(measured.(

(

For(example,(using(the(3D(simulaAon(by(

the(Garching(group((Hanke(et(al(2013)(!(

(

(

(

(

Tamborra-et-al-(2013),--
see-also-Lund-et-al-(2010,-2012)-



Observing-the-SASI-mechanism-
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SASI(imprints(fast(variaAons(in(luminosity(

and(energy(which(can(be(measured.(

(

For(example,(using(the(3D(simulaAon(by(

the(Garching(group((Hanke(et(al(2013)(!(

(

(

(

(

Tamborra-et-al-(2013),--
see-also-Lund-et-al-(2010,-2012)-

Great(prospects(to(reveal(characterisAc(

oscillaAons(via(counts(power(spectrum(

HyperHK(should(be(able(

to(combine(eventHbyH

event(reconstrucAon(to(

add(an(addiAonal(

dimension(to(the(

analysis(



Supernova-astronomy-with-neutrinos-
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Observables(with(νs:(
1.  Early(warning(
2.  PoinAng(
3.  Distance(determinaAon(

"(Warns(astronomers(when(and(where(to(look*(

SuperHK(

IceCube(

Borexino(

LVD(

Coincidence(server((@BNL)( EHmail(ALERT(

hWp://snews.bnl.gov(

astroHph/0406214(

*not(always(a(simple(problem(in(e.g.,(

the(opAcal,(due(to(dust(and(resources(

Future(detectors(

For(EGADS(updates,(see(Adams(et(al(2013((arXiv:1306.0559)(

EGADS(



Supernova-poin5ng-
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ee ν→ν

Beacom-&-Vogel-(1999),-Tomas-et-al.-(2003)--

TriangulaAon:((

Can(give(poinAng,(but(depends(on(

where,(and(the(“leading(edge”(

must(be(observed(and(modeled(

(

Use(direcAonal(neutrinos:(

νe(scaWering(has(the(ideal(
kinemaAcs(

(

(

νe(absorpAon(on(16O(is(isotropic(
and(degrades(the(angular(

resoluAon(to(~3(deg(at(SK(
(

Super&K� Hyper&K�

Water(only� 8(deg� 1.4(deg�

Water(+(Gd((95%(tag)� 3(deg� 0.6(deg�

⌫e +
16O ! X + e�

Gadolinium(strategy:(Beacom-&-Vagins-(2004)-
See(more(on(Tuesday’s(talk(by(Renshaw(



Supernova-distance-
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burst(phase(

cooling(phase(

accreAon(phase(

Long3term-simula5on-of-Fischer-et-al-(2010)-

Total(events:(

Subject(to(modeling(and(oscillaAon(

uncertainAes(



Supernova-distance-
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burst(phase(

cooling(phase(

accreAon(phase(

Long3term-simula5on-of-Fischer-et-al-(2010)-

Total(events:(

Subject(to(modeling(and(oscillaAon(

uncertainAes(

Burst(events:(

The(neutronizaAon((νe)(burst(is(more(

robustly(predicted(with(~10%(variaAon.(
Needs(inverted(mass(hierarchy.((
(

!(The(distance(can(be(measured(to(

~0(10)%(accuracy(by(HyperHK�

Kachelreiss-et-al.-(2005)-



Early-early-warning-signal-
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Neutrinos:(The(ν(luminosity(rapidly(rises(at(the(late(stages(of(stellar(

nucleosynthesis,(which(gives(an(earlyHearly(warning(for(a(supernova(



Early-early-warning-signal-
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Neutrinos:(The(ν(luminosity(rapidly(rises(at(the(late(stages(of(stellar(

nucleosynthesis,(which(gives(an(earlyHearly(warning(for(a(supernova(

Range.[kpc].

SuperHK(+(Gd( 0.5(

HyperHK(+Gd( 2(

Odrzywolek-(2004)--



SUPERNOVA'NEUTRINOS'FROM'
NEARBY'GALAXIES'
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Reach-to-our-neighbors�

NNN13,(November(11th(2013�

50.kpc�

760.kpc�

LMC�

M31�
With(HyperHKamiokande:(

~10(event(from(M(31(

(

(

(

(

(
�

With(SuperHKamiokande:(

~104(events(from(GC(

~400(events(from(LMC(

~1(event(from(M(31�

Shunsaku(Horiuchi((UC(Irvine)( 19(

1.5.Mpc�

150.kpc�



The-nearby-supernova-rate�

•  LowerHlimit:(these(are(not(fullHsky(

systemaAc(surveys,(so(many(

supernovae,(but(also(galaxies,(are(

likely(missed(

•  High(impact(of(systemaAc(searches,(

e.g.,(Lick(Observatory(SN(Search(

NNN13,(November(11th(2013� Shunsaku(Horiuchi((UC(Irvine)(

((M(83((4.5(Mpc)(((( (((((((NGC(6946((5.9(Mpc)(

1923A,(1945B,(1950B,(

1957D,(1968L,(1983N(

1917A,(1939C,(1948D,(

1968D,(1969P,(1980K,(

2002hh,(2004et,(2008S(

Horiuchi-et-al.-(2013)-
Also-Ando-et-al-(2005)-

Discoveries(

PredicAons(

20(



The-Challenge:-low-sta5s5c-burst-detec5on�

Signal:(look(for(doublets,(triplets,(etc(

depending(on(background(rate(

•  Backgrounds:(

–  Reactor(neutrinos(
–  Atmospheric(neutrinos(

–  Invisible(muons(decays(

•  Gadolinium(removes(backgrounds,(

allowing(a(larger(energy(range(to(

be(searched(

NNN13,(November(11th(2013�

H2O.only� H2O.+.Gd�

Energy(range([MeV]� 18H30� 12H38�

Signal(ν((in(~10(sec(for(d(=(1(Mpc)� 5� 10�

Background(ν((over(1(day)� 0.5� 0.6�

Ando-et-al.-(2005)-

Shunsaku(Horiuchi((UC(Irvine)(

Water(only(

Water(+(Gd(

"(Can(go(to(a(few(Mpc(

21(



How-far-can-we-probe?-
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Reduce(the(Ame(window(using(light(curve(fitng.((

Model(as(the(sum(of:(

(((((1.(Thermal(shock(breakout(phase(

(((((2.(Expanding(photosphere(phase(

1.(

2.(

Cowen-et-al.-(2009)�

H2O.only� H2O.+.Gd�

Energy(range([MeV]� 18H30� 12H38�

ν(counts((for(3(Mpc)� 0.5� 1�

Bkg(counts((in(5(hrs)� 0.1� 0.13�

If(a(few(hours(is(possible(!(we(can(probe(ν(
out(to(~3(Mpc(

Signal:(or,(look(for(events(coinciding(with(an(observed(opAcal(supernova(



Impostor-or-supernova?-
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Lots(of(recent(interest(in(the(community:(181(abstracts(on(“SN2008S”(as(of(Nov(2013(

using(the(NASAHADS(object(search.(Smith-et-al.-(2009),-Bond-et-al.-(2009),-Berger-et-al.-
(2009),-Bofcella-et-al.-(2009),-Pumo-et-al.-(2009),-Thompson-et-al.-(2009),-etc-etc-etc-

SN2008SHlike(events:((

Are(they(extreme(luminous(blue(variables(or(dim(supernovae?(

Sm
ith

-e
t-a

l.-
(2
01
1)
-

N
e
a
rb
y
(p
o
te
n
A
a
l(
im

p
o
s
to
rs
(i
n
(r
e
d
(

Mton(detectors(are(wellHplaced(to(make(significant(&(unique(contribuAons((

Even(a(few(MeV(neutrinos(will(be(an(indisputable(signal(to(seWle(the(debate.(



Looking-further-to-a-~5-Mton-detector�

NNN13,(November(11th(2013�

Kistler-et-al.-(2008)-

Higher(backgrounds((less(depth(and(

no(nHtagging),(but(Nν(=(3(is(expected(

to(occur(once(every(~5(years(so(
triplets(can(be(used.((

Weighed(by(the(supernova(rate(yields(an(expected(total(ν(rate(of(~50(events(per(
year(from(all(nearby(supernovae!(

Shunsaku(Horiuchi((UC(Irvine)(

Nν(>(3(`miniHbursts’(from(nearby((almost(annual)(supernovae(possible(with(DeepHTITAND�

Suzuki-(2001)-

24(



Higher3energy-neutrino-transients-
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Supernova/longHGRB(connecAon(

established(that(some(supernovae(

have(powerful(jets(

Hjorth-et-al-(2003),-Stanek-et-al-(2003)-

H(

Core(
jet(

ν"

Various(ν(emission(scenarios(invesAgated:(

•  QuasiHthermal(0.1(–(1(GeV(emission(

•  NonHthermal(>(1(GeV(emission(from(choked/

hidden/weak(jets(

ModelHdependent(!(provide(informaAon(on(jet(

and(protoHneutron(star(properAes.(Can(typically(

be(probed(out(to(~10(Mpc(by(HyperHK(or(IceCube.(

Meszaros-&-Waxman-(2001),-Razzaque-et-al-(2003,2004,--2005),-
Ando-&-Beacom-(2005),-Horiuchi-&-Ando-(2008),-Murase-et-al-

(2013),-Murase-&-Ioka-(2013),-etc…-

p+ � ! N⇡ +X



DIFFUSE'BACKGROUND'OF'
SUPERNOVA'NEUTRINOS'
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Distance-scales-and-physics-outcomes-
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Nν(>>(1(:(BURST(
(

SN(rate(~(0.01(/yr(

Nν(~(1(:(MINIHBURST(
(

SN(rate(~(1(/yr(

Nν(<<(1(:(DIFFUSE(
(

SN(rate(~(108(/yr(

~kpc( ~Mpc( ~Gpc(

GalacAc(burst:((

Explosion(mechanism,(

astronomy(

(

Basics-are-covered,-
and-future-detectors-

Diffuse(supernova(neutrino(background:(

average(emission,(mulAHpopulaAons(

(
(

(

Near-future,-i.e.,-SuperK-with-Gadolinium,-
and-future-detectors-

MiniHbursts:(

Transient(ID,(can(

probe(burst(variety(
(

(

Next-genera5on,-
e.g.,-Hyper3K-

(adapted(from(Beacom@Nu2012)((



Distance-scales-and-physics-outcomes-
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Nν(>>(1(:(BURST(
(

SN(rate(~(0.01(/yr(

Nν(~(1(:(MINIHBURST(
(

SN(rate(~(1(/yr(

Nν(<<(1(:(DIFFUSE(
(

SN(rate(~(108(/yr(

~kpc( ~Mpc( ~Gpc(

GalacAc(burst:((

Explosion(mechanism,(

astronomy(

(

Basics-are-covered,-
and-future-detectors-

Diffuse(supernova(neutrino(background:(

average(emission,(mulAHpopulaAons(

(
(

(

Near-future,-i.e.,-SuperK-with-Gadolinium,-
and-future-detectors-

MiniHbursts:(

Transient(ID,(can(

probe(burst(variety(
(

(

Next-genera5on,-
e.g.,-Hyper3K-

(adapted(from(Beacom@Nu2012)((

Requires(the((

cosmic(SUPERNOVA(RATE((

to(be(known(



Core3collapse-rate-

Nuclear(Astrophysics(Symposium,(04/19/13( Shunsaku(Horiuchi((UC(Irvine)( 29(

Core(collapse(

rate(

Birth(rate(of(

massive(stars(

*because(lifeAme(of(

massive(stars(are(

cosmologically(short(

Horiuchi-&-Beacom-(2010)-see-also-Hopkins-&-Beacom-(2006)--

The(star(formaAon(rate:(

Has(been(measured(by(many(

groups,(using(many(wavebands(

(radio,(FIR,(MIR,(NIR,(Hα,(UV,(X(rays)(
and(many(data(sets(

(

UncertainAes(are(mostly(systemaAc(

SFR(data(have(rapidly(increased(and(

the(uncertainty(is(now(mainly:(

•  dust(correcAon(
•  SFR(calibraAon(factors(
•  (IniAal(mass(funcAon(is(

import(for(SFR(but(not(so(for(

coreHcollapse(rate()(



Birthrate-&-supernova-rate-
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Adapted-from-Horiuchi-et-al-(2011)-

(Birth(rate)(–((supernova(

rate)(=(DIM(or(DARK(collapse(

Massive(stars(that(collapse(

`quietly’(in(photons(are(

difficult(to(observe(directly:(

“unHnovae”.((

Observed(supernova(rate(

Gives(the(observed(coreH

collapse(rate,(probed(by(

observaAons(of(luminous(
supernovae.((

Birthrate(of(massive(stars(

The(birth(rate(of(8(–(100(Msun(

stars(

(



How-dark-are-un3novae?-
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Neutrino(emission:(Black(hole(

necessarily(goes(through(a(

(even(if(brief)(PNS(phase.((

(

Rapid(mass(accreAon(leads(to(

ν(emission(that(is(hoWer(&(

more(luminous(

(

Details:(dependent(on(the(

progenitor(core(structure((!(

mass(accreAon)(and(nuclear(

equaAon(of(state((!(

maximum(protoHNS(mass)(

(((

Sumiyoshi-et-al-2006,-2007,-2008,-2009,-
Nakazato-et-al-2008,-2010,-Fischer-et-al-
2009,-O’Connor-&-OD-2011-



Event-rate-
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Adapted-from-Horiuchi-et-al.-(2009)-

With(uncertainAes:(

Lunardini-(2009)-
See-also-Lien-et-al.-(2010),-Keehn-&-Lunardini-(2010)�

Diffuse(neutrino(with(collapse(to(BH:(

spectrum. H2O.[/yr]. H2O+Gd.[/yr]. HK+Gd.[/yr].

4(MeV( 0.4(+/H(0.1( 1.8(+/H(0.5( 20(+/H(5(

4(MeV+BH( 1.1(+/H(0.3( 3.0(+/H(1.0( 30(+/H(10(

SN1987A( 0.5(+/H(0.1( 1.7(+/H(0.5( 20(+/H(5(

Event(rates:(note(various(assumpAons(

The(uncertainty(due(to(supernova(rate(is(

getng(compeAAvely(small,(and(will(further(

decrease(as(more(data(is(collected.(



Limits-and-future-reach-
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SuperHK(limits:((

stateHofHtheHart(limits(with(SKHI,(SKHII,(

and(SKHIII(data,(employing(improved(

background(modeling(power(and(

staAsAcs(treatment.(

Bays-et-al.-(2012)-

33(



Limits-and-future-reach-
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SuperHK(limits:((

stateHofHtheHart(limits(with(SKHI,(SKHII,(

and(SKHIII(data,(employing(improved(

background(modeling(power(and(

staAsAcs(treatment.(

Bays-et-al.-(2012)-

SuperHK(with(Gd:(

Removes(the(largest(background(

sources(and(enables(a(signal(

dominated(search(

90%(CL(contours(for(5(yr(running(SuperHK(with(Gd,((

34(



Limits-and-future-reach-
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SuperHK(limits:((

stateHofHtheHart(limits(with(SKHI,(SKHII,(

and(SKHIII(data,(employing(improved(

background(modeling(power(and(

staAsAcs(treatment.(

Bays-et-al.-(2012)-

SuperHK(with(Gd:(

Removes(the(largest(background(

sources(and(enables(a(signal(

dominated(search(

90%(CL(contours(for(5(yr(running(SuperHK(with(Gd,((

35(

2σ(and(5σ(contours(for(10(years(runnng(idealized(
HyperHK(with(Gd([Yuksel(&(Kistler(2013](

HyperHK(with(Gd:(

The(second(component(from(black(

hole(forming(collapses(may(be(

studied(



SOLAR'NEUTRINOS'
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Solar-neutrinos-
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Standard(Solar(Model((SSM)(

is(tested(and(agree(with(

observaAons(!(what(next?(

(

There(are(several(

inconsistencies(and(topics(to(

be(probed:(

1.  Studies(of(core(CNO(fusion(
rate(and(tests(of(the(solar(

abundance(problem(

2.  Studies(of(Ame(

modulaAons(

3.  Probes(of(P
ee
(E)(in(the(

vacuumHmaWer(transiAon(

region(and(tests(of(nonH

standard(ν(interacAons(

The(Standard(Solar(Model(ν"

((((((((((Eν([MeV](



Solar-abundance-problem-
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Solar(photospheric(abundance:(

Updated(measurements(are(low:(

•  Z/X(~(0.0229([Grevesse-&-Sauval-1998](
•  Z/X(~(0.0165([Asplund-et-al.-2005](
•  Z/X(~(0.0178([Asplung(et(al(2009](

(but,(see(Caffau-et-al-2010:(Z/X(~(0.0211)(
!(Leads(to(inconsistencies(between(the(

SSM(and(helioseismology((

[e.g.,(Bahcall(et(al(2005,(Serenelli-et-al-2010](
!  Change(opaciAes?((
!  homogenous(zeroHage(Sun(is(

Radius(/(Rsun(

R
e
la
A
v
e
(d
iff
e
re
n
c
e
(i
n
(c
s
(

CNOHν(flux:(
SensiAve(to(metallicity((flux(is(reduced(by(

~30%)(and(can(test(the(inhomogeneous(

solar(model(

!  Prospects(for(SNO+,(LENA(

incorrect?((

NEW(

GS98. AGSS09.

NHν" 2.96((1(+/H(0.14)( 2.17((1(+/H(0.14)(

OHν( 2.23((1(+/H(0.15)( 1.56((1(+/H(0.15)(

Fluxes-from-Haxton-et-al-2013-

Haxton-et-al-2013-



7Be3ν-and-8B3ν-
Search(for(AmeHmodulaAons(

•  Current(limits(exclude(A(greater(
than(~10%(with(8BHν([SuperK,(
SNO](

•  Smaller(A(modulaAon(studies(

facilitated(by(vast(staAsAcs((e.g.,(

8BHν(at(HyperHK,(7BeHν(at(LENA)(

•  Possible(causes(to(look(for:(

–  Day/night(effects?(
–  CorrelaAon(to(solar(cycle(
–  Helioseismic(gHmodes(

–  Annual(
–  Any(other?(

P
ee
(E)(in(the(transiAon(region(

•  NonHstandard(interacAon((NSI)(

predict(different(P
ee
(E)(

•  Data(consistent(with(MSWHLMA,(

but(few(data(in(the(important(

transiAon(region(
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N(t) = N0(1 +A sin(t/T +  ))

P
e
e
((
E
)(

E([MeV](

SNO-2012-

Friedland-et-al-(2004)-



NEUTRINOS'FROM'DARK'MATTER'
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Par5cle-dark-maDer-
•  What(we(know(

–  Its(existence(
–  Their(abundance(
–  Is(minimally(interacAng(

–  Is(highly(clustered(
•  Local(density(

•  What(we(do(not(know(

–  Its(mass(

–  Its(interacAons(
•  Cross(secAon(

–  Whether(they(annihilate((

•  If(they(do,(the(branching(
raAos(to(final(states(

–  Is(it(a(WIMP?(

((
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χ�

χ�

Z,(q,(ν,(etc�

Z,(q,(ν,(etc�

indirect(detecAon�
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� creaAng(e.g.,(LHC�

_(



Two-profoundly-different-neutrino-probes-
•  Solar(dark(maWer(neutrinos(as(

probes(of(the(scaWering(cross(

secAon(

•  Dark(maWer(parAcles:(

1.  ScaWers(in(the(sun(

2.  GravitaAonally(captured(

3.  SeWles(in(the(core(

4.  Annihilates(

5.  Neutrinos(escape(

(

•  Milky(Way(halo(neutrinos(as(

probes(of(the(annihilaAon(cross(

secAon(

•  Dark(maWer(parAcles:(

1.  Clump(in(the(early(universe(

2.  Merge,(etc,(and(host(the(

Milky(Way(galaxy(

3.  SeWles(in(a(distribuAon(

4.  Annihilates(

5.  Many(parAcles(get(to(us((ν,(
γ,(even(some(charged(CRs)(
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χ    �

ν "



Limits-on-the-scaDering-cross-sec5on-
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Signals:(

•  HE(neutrinos(from(

prompt(decays((the(

normal(focus)(

•  LE(neutrinos(from(π+(
decay(at(rest((recently(

worked(out),(<(53(MeV(

LE(neutrinos:(

•  Must(model(shower(

development(in(the(

sun:(producAon(and(

energy(loss/capture(

•  Include(mixing(

Future(improvements:(

•  HyperHK(4(yrs…………….(

•  SuperHK(+(Gd(4(yrs…….(

•  HyperHK(+(GD(4(yrs……(

(

RoD-et-al.-(2013),-see-also-Bernal-et-al.-(2013)-
RED-shows-channel3differen5ated-Super3K-limits-

SK(4(y
rs(

⇡+ ! µ+⌫µ µ+ ! e+⌫e⌫̄µ



Limits-on-the-annihila5on-cross-sec5on-
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Possible(sources:((

Cosmic(diffuse(from(all(galaxy(halos,(as(well(as(our(Milky(Way(halo(

Although(the(Milky(Way(center(has(large(

expected(signals,(systemaAc(uncertainty(

blows(up(due(to(unknown(central(density(

NFW(profile(

Halo(

Analysis(

“GalacAc((

Center(

Analysis”(

GalacAc(center(

Halo(analysis(



Limits-on-the-annihila5on-cross-sec5on-
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Halo(analysis:(look(at(the(Milky(Way(halo(at(large(and(search(for(annihilaAon(signal.(Halo(

analysis(benefits(from(signal(and(reduced(profile(uncertainty.(

Yuksel-et-al-(2007)-

Simplified(theorist((conservaAve)(esAmate:( Expert(experimentalist(analysis:(

RoD,-Neutrino-2012-



Summary-
•  Next-genera5on-ν-detectors-opens-the-window-to-high3sta5s5c-

astrophysical-neutrino-detec5ons-that-have-high-poten5al-impact-
for-many-astrophysical-topics:-

1.  Supernova(neutrino(

–  The(big(quesAon:(explosion(mechanism(

–  Neutrino(astronomy:(eagerly(anAcipated(

–  Neutrinos(from(many(supernovae(

2.  Solar(neutrino(

–  Refining(the(standard(solar(model(

3.  Dark(maWer(probes(

–  Discovery(potenAal;(compeAAve(and(complementary(to(other(

searches(
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Thank-you!-



Back3up-slides-
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Event-iden5fica5on-with-Gd-
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Beacom(&(Vagins((2004):(use(dissolved(Gadolinium(

(Gd)(for(effecAve(neutronHtagging(

⌫̄e + p ! e+ + n

H
2
O( H

2
O(+(Gd(

Capture(on(

protons,(2.2(MeV(

gamma((below(

threshold)(

Capture(on(Gd,((

~8(MeV(gamma,(

easily(detectable(

coincidence(signal(

EGADS(=(EvaluaAng(Gadolinium’s(

AcAon(on(Detector(Systems((
(

dissolving,(material(corrosion,(

water(transparency,(Gd(removal,(

filtraAon(system,(etc(



Galac5c-supernova-rate-
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Diehl-et-al-2006-

Generally(a(few(per(

century(

(

Observed(GalacAc(SN(

yields(a(latest(rate(

esAmate(of(~4.6(per(
century((Adams(et(al(

2013)(

(

Null(observaAon(of(

neutrino(bursts(yields(a(

consistent(<(9(SN((90%(

CL)((



Distances-probed-
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Ne+(18 < Ee+ < 30) ⇡ 5

✓
d

1Mpc

◆�2

Yields(in(HyperHK(without/with(Gd:(

Ne+(12 < Ee+ < 38) ⇡ 9

✓
d

1Mpc

◆�2

Singles:(out(to(several(Mpc(

Doubles:(out(to(few(Mpc(

(

(water(only)(

(water(+(Gd)(

Ando-et-al-(2005)-



Expected-yields-from-burst-searches-
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Rate(of(NHtuplets:(

The(frequency(of(obtaining(a(NHtuplet(in(

HyperHK,(assuming(the(nearby(supernova(rate(

Total(rates:(

12(–(38(MeV:(1.6(/yr((

15(–(35(MeV:(1.2(/yr((

18(–(30(MeV:(0.7(/yr(

Adapted(from(Kistler-et-al.-(2011)-Horiuchi-et-al.-(2013)-

Discoveries(

PredicAons(

Nearby(supernova(rate:(

Determined(from(discoveries(as(well(as(

predicAons(based(on(star(formaAon(rate(



Theore5cal-DSNB-Predic5on-
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dNe

dEe
(Ee) = Np �(E⌫)

Z
RCCSN(z)

����
cdt

dz

���� (1 + z)
dN⌫

dE⌫
[E⌫(1 + z)] dz

Observed(positron(

spectrum(

Input(1:(supernova(neutrino(spectrum((intensely(studied(

by(simulaAons,(quanAty(wai5ng-to-be-observed)(

Input(2:(coreHcollapse(rate((intensely(studied(by(

astronomers(using(photons,(rapidly-improving)(

Input(3:(neutrino(detector(capabiliAes(well(understood(

See,-e.g.,-reviews-by-Beacom-(2010),-Lunardini-(2010)-

⌫̄e + p ! e+ + n



Star-forma5on-!-supernova-
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Solid:(Salpeter(IMF(with(Mmax(

=(16.5(Msun;(dashed(with(

Mmax(=(30(Msun.(

Mmin(≈(8.5
+1
H1.5(

Msun(to(Mmax(≈(

16.5(±(1.5(Msun.((

Mmin(and(Mmax(could(be(obtained(from(preH

supernova(imaging(studies(of(nearby(supernovae(

SmarD-et-al.-(2009),-SmarD-(2009)-

SN(2008kb(

2008bk(preHimage(



Extragalac5c-background-light-(EBL)-
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IMF� Total.EBL.intensity� Range�

Salpeter((1955)� 95(nW(mH2(srH1(� 65–134(�

Kroupa((2001)� 88(nW(mH2(srH1(� 60–124�

BaldyHGlazebrook((2003)� 78(nW(mH2(srH1(� 54–109(�

Observed(EBL:(

Various(constraints,(with(lower(

limits(from(summing(observed(

galaxies,(and(direct(measurements(

(

With(recent(constraints(from(distant(

TeV(blazar(observaAons,(the(

nominal(total(EBL(is:(

73+26
�21 nWm�2 sr�1

Calculated(EBL(from(stars:(

Depends(on(the(IMF(to(some(degree(

but(modern(shapes(provide(good(

consistency(with(observed(

Note,(other(contribuAons(

e.g.,(AGN(contributes(only(

few(%(to(the(observed(EBL(

e.g.,-Hopkins-et-al.-(2006)-

Horiuchi-et-al.-(2009)-

Hauser-&-Dwek-(2001)-



ScaDering-cross-sec5on-limits-
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IceCube-2013-

SpinHdependent( SpinHindependent(



Direct-detec5on-future-
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From(Jackson,(TAUP(2013(


