SUPERNOVA NEUTRINOS
AT FUTURE DETECTORS

Recontres de Blois, June 2011



20+ years back: the impact of
SN1987A



The only SN neutrino data

February 23, 1987: SN1987A
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Plot from: http://astro.berkeley.edu/~bmetzger/sn1987a.html



- ~ 1 Kt water/scintillator detectors
— Inverse beta decay: anti-v_,+p 2 n +e*
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Bionta et al., PRL 58,1987, Hirata et al., PRL 58,1987, Alekseev et al. JETP Lett. 45 (1987)



First confirmation of theory

* Luminosity = total energy budget
— Energy emitted is of gravitational nature:

L, =G M%/R.—GM?%/R.~3 10> ergsv'  (R,~10Km)

* Energy spectrum: ~ Fermi Dirac (thermal)
— E=3.15T~15-20 MeV vV

e Duration of neutrino burst ~ diffusion time
— Time = (size?)/(mean free path) ~ 10 s v/



Open questions

* Precision?
— Time structure (accretion, cooling, )

— Oscillations (MSW, neutrino-neutrino,..)

— Model discrimination (Eg. of state, neutrino
transport,...)

— New physics
* Total energy?
— All neutrino species

* What is typical?



The situation now: opening a new
phase



New focus on supernovae

* Solar, atmospheric fluxes down to precision
phase (~10-40%)

— Time to approach more distant, more complex
sources: supernovae, GRBs, Dark Matter, ...

» Solar/atmospheric become backgrounds!

* New phase of detectors coming
— Larger (0.1 — 1 Mt) & more sensitive



The next generation

LENA
Low-Energy
Neutrino
Astrophysics
LANNDD Water Cherenkov,
e 0.3 -1 Mt
—_— HyperK , UNO,
BT MEMPHYS,
_— DeepTITAND
€ design < nm } _"
Liquid scintillator, %‘ i \g% l o
10-50 kt ﬁ%‘!} Liquid Argon,
LENA, Hano Hano I“ \\ 10-100 kt
LANNDD, GLACIER




* Complementary designs:
— For neutrino channel: He + Pb (HALO)

http://www.snolab.ca/halo/detailedPhysics.html

— For all-flavor: noble gas TPC (NOSTOS)
Giomataris & Vergados, Phys.Lett.B634,2006

— For luminosity: Km?3 ice/water (IceCUBE)

lceCUBE caoll. , arXiv:0908.0441



Looking farther...

1 -5 Mt mass

— ~ few Mpcreach 2> ~ 1

SN every decade!

1 7
I I I I l I I l/
/
i ’ [
[ /
0.8+
vy
=
B <+
- 3
5 06 m?;ﬁ
— F|Hol=
-~ B NaO ¥
a =z
\J 04 afz|= b
Z. L S -
2 5% / A
=z ._mt,, / rj 4
- &U / [_rf mg ]
‘:-t,';f / . gg‘r
L2 3 g S0
n [ /: . 397 i
.- Continuum "
— -7 Limit
0 e == | 11 | ] | ]
0 2 4 6 8

Distance D [Mpc]

Ando, Beacom & Yuksel, PRL95, 2005

10



... and in more detail

Events for Galactic SN (K. Scholberg, talk at Neutrino 2006, Sante Fe, NM)

Detector Type Mass (kton) Location Events at 8.5 kpc Status
Super-K|[22] H,0O 32 Japan 7000 Running
SNO[41] D20 1 (D20) Canada 400 Running until
1.4 (H30) 450 end 2006
LVD[17] C,Hs, 1 Italy 200 Running
KamLAND[18] C,Ha, 1 Japan 300 Running
Borexino[20] CnHa, 0.3 Italy 100 200x
Baksan[15] CrHs, 0.33 Russia 50 Running
Mini-BooNE[12] C,Ha, 0.7 USA 200 Running
AMANDA/ Long string 0.4/PMT South Pole N/A Running
IceCube[28] Running
SAGE[42] Ga Russia 0.06 few Running
Icarus|31] LAr 24 Italy 200 200x
Daya Bay[43] CnHa, 0.3 China 100 Proposed
SNO+[44] CnHa, 1 Canada 300 Proposed
CLEAN]|40] Ne,Ar 0.01 Canada/USA? 30 Proposed
HALO([37] Pb 0.1 Canada 40 Proposed
MOON]|45] 100\ o 0.03 ? 20 Proposed
NOvA[46] C,Ha, 20 USA 4000 Proposed
OMNIS|[29] Pb 2-3 USA? >1000 Proposed
LANNDD(32] LAr 70 USA? 6000 Proposed
MEMPHYS[49] H»0O 440 Europe >100,000 Proposed
UNO[48] H,0 500 USA 100,000 Proposed
Hyper-K[47] H,0O 500 Japan >100,000 Proposed
LENA[50] CrHs, 60 Europe 18,000 Proposed
HSDJ[51] C.Hs, 100 USA 30,000 Proposed




Themes for the future: what will we
learn?



Timing

Late time evolution
(>10s)
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Blondin, Mezzacappa & DeMarino, ApJ 584
Marek, Janka & Mueller, Astron. Astrophys. 496, 475 (2009)
T. Lund, A. Marek. C.L., H.T. Janka & G. Raffelt, arXiv:1006.1889



Vv, sensitivity

Detector type Expected mass | Number of
events
(galactic SN)

Water v.(1°0, *F)e-  ~1 Mt 0(103)

Cherenkov

Liquid Argon  v_(%%Ar,“9K)e <100 Kt < 0(103)

Scintillator v.(12C, 1°B)e < 50 kt < 0(10?)



e Total energy of SN

Why are v, important?

— Eq. of state

Neutronization/
deleptonization

— e (p,n) v,

Oscillation effects

— Neutrino mass
spectrum

— flavor mixings
— progenitor type

Survival of neutronization burst in ONeMg Sne!
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Duan et al.,PRL.100,2008
C.L., B. Mueller, H.T. Janka PRD, 2008



Oscillations: spectral distortions

p = survival probability

Fe = ng—F(l—p)Fg |
F: = pFoH (1 —p)EY |

4,
X= W, T
/ |

Harder spectrum!
Depends on masses,
mixings




Neutrino-neutrino

Neutrino oscillations
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* Matter effects: supernovae!

— refraction frequency = vacuum frequency
— Neutrino-neutrino, neutrino-electron scattering



High MSW: 0, resonant dependence
613

Sin? 260,,<0.15 \ _
CHOO/Z, PLB466, 1999 ¢ Unlque resonance:

m4 . 5 ~ 4 .r

ﬁ\@ sin” 0,5 ~ 1 in matter if:
Am?, /2E ~ 22 G.p/m,
Vo VIJ vV,

I, - Realized for
e, 710

Dighe and Smirnov, Phys. Rev. D62, 2000
C.L. & A.Y. Smirnov, JCAP 0306, 2003



* Sensitivity down

to sin‘ 6
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Plot from Nakazato et al., Phys.Rev.D7 , 2008



Neutrino-neutrino: spectral swaps

e Step-like probability antineutrinos
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Still, a galactic SN might take a while...

Clip art from
M. Vagins



Diffuse flux: everything and now
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* Now: alternative to a galactic supernova!
— Continuous flux, no waiting time

— might be everyday physics in future!

e ~20 events/year at Mt water Cherenkov

events/5 MeV/0.45 Mton/4 yrs
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Everything: probes the whole supernova
population of the universe

— What'’s typical?

— Cosmological SNe

— Diversity: Fe-core, ONeMg core, black hole core, ...



Cosmological rate of SNe

* jncreases with z
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Example: failed SNe

50_ | ' ' ' ' | ' ! ' ! | ! '
+ M>25-40M,,,,9-22% of .
collapses N P
— Too rare to expect a = P _
galactic one! w201
105
 Collapse directly into 0E
black hole, no explosion  20x10®}
@ qsf
* Neutrinos hotter and = 10f
more luminous € ol
* <E>=20MeV forallflavors ~ [ [
00 %5 10

Liebendorfer et al., ApJS, 150, 263, K. Sumiyoshi et al., PRL97, 091101 (2006),  t,, [sec]
T. Fischer et al., (2008), 0809.5129, K. Nakazato et al., PRD78, 083014 (2008)



failed SNe may dominate!

* 10-100% effect on diffuse flux

— Spectral distortion

100+

S EoS, p=0.68, fys=0.78

—
o

—

®/cm2MeV s
(@]

50

C.L., Phys. Rev. Lett., 2009, J.Keehn & C.L., arXiv:1012.1274



Wrap up



The post-solar phase: supernovae,

etc..
e ~2020-....: Discovery * No precision!
diffuse SN neutrino flux

— SN neutrinos become
everyday physics
— Complement SN1987A

— Cosmological
supernovae

— Averaged over whole
SN population




The post-solar phase: supernovae,
etc..

e ~..-2100: Precision * Precision!
Galactic supernova
— All flavor-detection
— Model discrimination
— Timing

— Oscillation effects
— New physics







Data (sparse) vs theory..

« ~ 1 Kt water detectors Kamiokande

Bionta et al., PRL 58,1987,
Hirata et al., PRL 58,1987,
PRD 38,1988

$in20,,=10"
* Garching/ORNL

e |awrence Livermore

e Arizona




5 parameters fit, with oscillations, marginalized (C.L., Astropart.Phys.,2006. )
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Effective detection cross sections

- n caopture

H,0

with
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Fogli et al., JCAP 0504:002,2005



High MSW: 6,5 resonant dependence

* test tan’ 0,5 down to 10!
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C.L.and A. Y. Smirmov, Nucl. Phys. B 616, 307 (2001), JCAP 0306, 009(2003);



A two population model: diffuse flux

C.L., arXiv:0901.0568, Phys. Rev. Lett., 2009

C Zmazx ‘ - '
®(E) = 7= [ Beele) [fwsFES (B +2) & (1= fvs)FEH(B(1 + 2))]
» dz
\/Qm(l + 3)3 + Q |
fns = 0.78 — 0.91, Q,, = 0.3 and Q) = 0.7
p=0—cos® 15 ~0—0.68 anti-v, survival probability

(time averaged, constant in energy)



Upper limits and backgrounds

SuperKamiokande (Malek et al., PRL, 2003):

$; (E >193MeV) <14—-19cm 2s~'  at 90%C.L.
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Time-integrated fluxes
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Lattimer-Swesty. (LS) EoS
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Larger energy window

* NS only:
— 12-29 MeV @Kamioka
00 — 10-27 MeV @Homestake

, '\
105 reactor \
[ \ '\.“

01 \\\a. R - ] ¢ NS+BH:

| = A tmospheric |
e e — 12-36 MeV @Kamioka
et - ‘ N — 10-32 MeV @Homestake

Red dashed: Homestake
Solid, grey: Kamioka



Stronger cosmological (z>1) contribution

Black hole forming: Neutron-star forming:
58% (32%) above 10 MeV (20 <30% (<15%) above 10 MeV (20
MeV) MeV)
10 10

_ | _ total |
o 1 total N
> o1 > 01
= [ =
N 0.01. Y 0.01 ;
5 5 |
> 0.001 = 0.001

104 107 5




failed SNe may dominate!

* Best case: “stiff” EoS, 22% failed SNe, maximum p

T T T T T T T T f T ! Close to
NS BH total
1 SO <[ SK limit! }
| E>19.3MeV |[0.33 |0.56( |0.89 )|

E>11.3 MeV

o
—
I
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o o
e e

Anti-nue flux
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C.L., arXiv:0901.0568, Phys. Rev. Lett., 2009, J. G. Keehn and C.L., in preparation




e Best: ~ 100% enhancement
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What about nearby failed SNe?

50068  D=1Mpc, M=1Mt, S EoS
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Extragalactic failed SNe at Mt
detectors

e 2-3 events from ~4-5
Mpc
— S EoS, 20% failed SNe

 upto 1 per decade
expected!

— Comparable to
normal SNe

Local rate from S. Ando, J. F. Beacom, and H.

Yuksel (2005).
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e Upto~0.1yr?!bursts (N>2) can be detected
e Comparable to rate of normal SNe!



Background: N> 2 ok

* |nvisible muons, atmospheric neutrinos
— A=1855 yr- (failed), A=680 yr-* (normal)

* Accidental coincidence in At
— w,=A? At, w,=A3 At? (At=1s, 10s for failed, normal)

W 0.10 yr—* 0.15
DE 6.4- 107° 3.1-107°



CIHETEY

‘ . ) detection experiment fiducial
Concept | window .
(MeV) processes (location) mass (kt)
H>0 19.3 - 30 Ve (p,n)e™ SK (Japan) 22.5
(17.3 - 30] | v. (**O,X)e DUSEL WC (USA) 300
v, (1°0,X)et | MEMPHYS (Europe) 440
V(e ,e7 )1y Hyper-K (Japan) 500
Voo (P, P)Vao Deep-TITAND (Japan) 510°
Vo (10, X))y,
HO+Gd | 11.3-30 | same as H,O | GADZOOKS (Japan) 22.5
DUSEL WC+Gd 300
MEMPHYS+Gd 440
Hyper-K+Gd 500
Scintillator | ~ 8 — 30 Ve (p,n)e™ LENA (Europe) 50
ve (2C, X)e™ Hano Hano (USA) 10
ve (2C, X)e™
V(e e )1y
Va (P, PV
Vw(P2C, X )1y,
Argon ~ 18 — 30 | ve (*°Ar,X)e” | DUSEL LAr (USA) < 100
ve (**Ar,X)et | GLACIER (Europe) 100

V(€™ e )1y

V(P Ar, X))y,




