Neutrino Astrophys:cs
the First KamLAND Result




'« for the detection of
cosmic neutrinos”

The Nobel Prize in Physics 2002

** for pioneering contributions to astrophysics,

in particular for the detection of cosmic 0
neutrinos” (o 1

* Raymond Davis Jr.: Solar neutrinos

* Masatoshi Koshibg: Neutrinos from supernova 1987A
Solar neutrinos

_/

not the whole story:

- Deficit of solar neutrinos
The solar neutrino problem

has triggered major
experimental and theoretical
developments in neutrino
physics and astrophysics

ﬂ Puzzles of the neutrino burst
from SN1987A (consistency of spectra)
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W0 aays Defore the ceremony

KamUPAND

B Evidence of the disappearance of
V, from the atomic reactors

B Consistent with vV, oscillations

B |n agreement with predictions from the
LMA MSW solution of the solar neutrino
problem

B.Pontecorvo:

collaboration has announced
the first result

1) has confirmed the LMA solution
and practically excluded all other
- possible solutions
2) shed some light on the SN1987A
neutrino puzzle

* discussed experiments with neutrinos
from atomic reactors

* suggested neutrino oscillations

* considered oscillations of reactor neutrinos

* considered maximal mixing

* suggested ClI - Ar method

* “predicted’’ the solar neutrino problem

* suggested its oscillation solution

AYUSmirnov




Mixing and flavor states

] V=S v +coshy,
B V=00 V. —Sindv,
vacuum mixing angle

coherent mixture
of mass elgenstates

V,=C0sb v, +8nb v,

‘ v, B | wave
V, I packets

2
Interference of the partsof wave packets A = %rlr;_l_
with the same flavor depends on the
phase difference A@ betweenv, and v, Am2 = m2 - m?

ACYu Smirnov




Kamioka
L arge Anti-Neutrino Detector

KamLAND

B Reactor long baseline experiment

150 - 210 km _
Liquid scintillation detector A ._ o
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H LMA
precise determination of

the oscillation parameters
10% accuracy

B Detection of the Geo-neutrinos
Epr > 1.3 MeV




KamLAND results

K. Eguchi etal.,
Phys. Rev. Lett., 90, 021802 (2003)

Spectrum

Rate
14k
12 %
1.0 [ #l_ | e e
Nl N
g 08} g
2 A ILL j + "
0 06 * Savannah River H 1E;:\
] O EBogey _*
# Rowvno . f
04 # Goesgen Vi
A Krasnoyask W
0 PaloVee
02+ & Chooz
e KamLAND
0 R (4 N 1+ S (4 M (1

obs —

Z
1
(@0)
(0))
(00)
+
ol
(0))

exp T —

Evems/0.425 MeV

. — reactor neutrinos

I—IIII'-E T N T T M T N T N I T T

= geo neutrinos
O accidentals

= Z_ 2.6 MeV ® Kam[LAND data

analysis threshold  —— no oscillation

[ — best-fit oscillation
sin™28 = 1.0
AmP=6.9x 107 eV?

Prompt Energy (MeV)

Ngp/Negy = 0.611 + 0.094 I
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Solar Neutrinos
=00 et

Neutrino Flux

: (150 = 0) g/cc

SuperK, SNO
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KamLAND
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LMA MSW solution







Profile of the effect

effect

Earth matter
effect

I,/1, ~E
Dscillations with Conversion + Conversion with  Non-oscillatory
small matter effect  oscillations small oscillation  transition
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How does It work

Pure adiabatic conversions
(Adiabatic solution)

Universality

_ Ng-n
Y= Ang

The average probability and depth
of oscillations are the universal
functionsof y and y,

Bl inresonance. y=0

B attheexit (n=0):

Ang = tan?20 ny

Pee - Pee(y’ yO)
peemax — peemax (y’ yo)

peemin — peemin (y’ yo)

y; = 1/ tan20

N istheresonance
density

width of the resonance
layer

Yy, valueof y the
production point
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survival prok

survival probability

tan20 = 0.41,
Am? =7.3 10> eV?2

distance

08+

06+

0.4+

0.2+

E=0.86 MeV
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Inside the Earth -

m Averaging of oscillations,
divergency of the wave packets

‘ incoherent fluxesof v; and v,
arrive at the surface of the Earth

MW v, and v, oscillate inside the Earth

‘Regeneration of the v flux l, /I, ~0.03
E =10 MeV

50,15 _IH\‘\III|IIH‘HII|III\‘H\I|IIII‘I\H‘HII|IIH_
. ' (0) Am*=3.65 10 tan*8=0.365

. E= 10 MeV c0s0,=0.72
freg ~ 0.5sn228 |, /I, I AT

B The Day -Night asymmetry:

Anp = frefP ~3-5%I

P~sin20 +f,

Oscillations
+ adiabatic
conversion

A Yu Smirnov.
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v, .,

Normal mass hierarchy Inverted mass hierarchy
(ordering) (ordering)

B Type of mass spectrum: with Hierarchy, Ordering, Degeneracy ® absolute mass scale
B Type of the mass hierarchy: Normal, Inverted

mU_.=?
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Is the Solar{t«@g\) Problem

LMA: precise
determination
of parameters

B Physicsof conversion

B Implicationsfor
phenomenol ogy
(LBL, BB,, , absolute
mass scale
determination...)

m Theory: deviations
from maximal mixing

Bounds on physics
beyond LMA

Solar neutrinos vs

KamLAND

A Yu Smirnov




Delta m*2 and 1-2 mixing

P.de Holanda, A.S. hep-ph/0212270

[

<
@ 10™*
=
<]
\-‘h“ ..... st -" ns5

10'5 L o @ § s p Py iR .20_ e Y CC

01 02 03 04 05 06 07 08 09 .

tg°e NC

Lines of constant CC/NC ratio and
Day-Night asymmetry at SNO

e StEERS

B |dentification of
the unigue region:

2v analysis, sub-leading
effects (13 -mixing)
can be neglected

B Precision measurements:;

Possible sub-leading effects
should be included.

Generic 3v analysis

should be performed.
Problem of degeneracy of
parameters appears
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LMA: Consistency Checks

Over determine solution, cross checks in the b.f. point

B Day -Night Asymmetries: A\p(SNO) =2-5%,
Ao (SK) =2-3%

W Spectrum distortion: Turn up at low energies:
5-10%

B Rateat theintermediate energies

BOREXINO/KamLAND R=(0.6-0.7)Rggy

B Seasona variations Small (unobservable) effect:
Ays < 0.5%

[0 Low energy experiments

- further confirmation of LMA

’mp'ication s - precise determination of the neutrino parameters

- searches for physics “"beyond the LMA’’

A Yu Smirnov




Beyond LMAMSW ~ ~==oreeroe=

LMA MSW + ... Signatures Implications

B Searchesfor V flux Magnetic moment,
7 §E ZP m Time variations magnetic fields
Beyond single Am2 inside the Sun
context ~
L]
B CC/NC
Hnuzsterile B Additional distortion
of spectrum
+ M@H B Additiona contribution
(non-standard to the matter effect

neutrino interaction)

iAV/ER

(violation of
equivalence principle)

A Yu Smirnov




LMA + SFP

B Post-KamLAND’ study
in the context of single

B The effect (neutrino spin flip) isin the central regions

2 = 2

of the Sun (radiative zone)

B Signature: Appearance of the antineutrino v,

F(Vv,)
F(ve)

15/{ O MBJ {100 MGJ

At the present SK bound

B Magnetic moment:
(natural* value)

flux

Spin-flavor precession
(resonance, non-resonance)

E. Akhmedov, J. Pulido
hep-ph/0209192

B>10MG

(for the boron neutrinos)

(unless Voloshin's
cancellation, or polarization
Suppression occurs)

For thecut energy A =100GeV and m,=1eV: p, ~ 1016, unobservable?

B Beyond single Am?: if for second Am2 << Am? ,,, effect can be much larger




Solar Neutrinos versus KamLAND

Parameters from
the 2v analysis. The equality
Am? — Ame is satisfied
tan’0 tan®0 within 10
Solar KamLAND
neutrinos Gives hint
. that CPT
Further checks of the equality SOK
Possible deviations
(mismatch of parameters CPT-violation
if the fit isdonein terms
of 2v mixing): Physics Beyond the LMA
If some effect influences Some effect can influence
KamLAND signal Inverseis solar neutrinos
it should also show up not correct: but not KamLAND result
in the solar neutrinos

A Yu Smirnov




Solargneutrinosyhave
muchfhighersensitivityato
RhysicsyBeyonditheliA

B Am? -0 region of sensitivity is much larger for solar neutrinos
than for KamLAND

Additional small Am? or/and 6 can strongly influence the solar neutrinos
but not KamLAND

Magnetic moment: the Earth magnetic field is too small

] Non-standard interactions (NSI) of neutrinos do not change the KL signal
since the matter effect is small

Even in the CPT conserving case one can find

Am?, 6

ey .
solar KL

A Yu Smirnov




Testing the theory of conversion
Solarneltrinos KamBAND

W Adiabatic conversion (MSW) W Vacuum oscillations

W Matter effect dominates W Matter effect isvery small
(at least in the HE part)

B Non-oscillatory transition B Oscillation phaseis crucia
the oscillation phase for observed effect
Isirrelevant

Adiabatic conversion Vacuum oscillation

formula ~ . ' formula

Coincidence of these parameters determined from the solar neutrino data
and from KamLAND results testifies for the correctness of the theory
(phase of oscillations, matter potential, etc..)  SeeasoF.L. Fodli et al., hep-ph/0211414




Homestake Anomaly?

Pull-off diagrams for the best fit points

of thel- and h- LMA regions

ot [

NC/ICC

h-LMA

Deviation

Qi (LMA) > Q, (Homestake)

(=

(2-2.5) o pull
@ Statistical fluctuation ?

@ Systematics?
Related to time
variations of rate?

® Neutrino properties:
conversion driven
by second Am?

:> Additional deep

In the suppression
pitat E~1MeV?

A Yu Smirnov




P.Krastev, A.S.
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Sterile Neutrino?

v, mixes mainly with the lightest
active neutrino:

Vo, = C€Oosa Vv, + sina (cosB v, -sinbv,)
vV, = -sna v, + cosa (cosd v, -sinb v,)
vV, = sinBv, + cosB v,

Vo~ (vt VN2

0 isthe solar mixing angle
Am?,, and 0 havethe LMA values

sin22a = 104 - 102

AM2,, = (4-10) 106 V2

| _ Neutrino mass and
in the SMA region flavor spectrum

A Yu Smirnov




Conversion probabilities

= qgn2B Oqgn?
P.= sin®G_°sin‘0 +

energy

+ c0s?0 9 cos?0 (cos?a 0 - P, cos2a O
m m 2 m

P = cos?0. 0 (sin‘a, ’ + P, cos2a %) I

Here P, isthejump probability in
active-sterile resonance
6,2 and a 0 arethe mixing angles
in matter in the production point

For production above a-s resonance:
P.= sin?g_°sin’@ + cos’6. °cos’0 P,
P.= cos0,°(1- P,)

A Yu Smirnov.




Modification
of the energy

rofile -

B Suppression of the
Be- N- O- pep-
neutrino fluxes

= QAr QGe l

M It can be no significant
influence on the turn up

P. de Holanda, and A.S.
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Modification
of the energy

rofile -

B Beneutrino flux
IS unsuppressed

B N,O, pepfluxes
are suppressed

= QAr 1 =

B Diminishing or
elimination of
the turn up

P. de Holanda, and A.S.
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Relations and Results . .

IS mainly to the sterile

| @ component
B Maximal suppression in the dip: P,=sn"6 ~0.1

B Decreaseof the Ar- productionrate: AQ,=-04SNU ®), AP, = 03

P.(Be) ~ 0.3
W Decrease of the Ge-productionrate:  AQg,= - 10 SNU
B Canbe compensated by Increase P_(pp) ~ 1- 0.55in220 Decrease of 6
of the survival probability AP_(pp) ~ - 0.5 AP_(Be)

for the pp-neutrinos

B Decrease of the survival P.(B)~ sin%0 AP_(pp) ~ - AP_(B)

probability for boron neutrinos

CC P
P_.(B) isfixed by CC/NC ratio: —~N~ = -
B P.(B) y NC - I-n.@1-P)
wheren is sterile fraction ForE>5MeV: n <02
towhich v, transforms does not allow to compensate the decrease of P,

An, =- (4-5) AP

A Yu Smirnov
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Neutrinos from SN1987A
after KamLAND

@l Certanly, neutrino signal from SN1987A was affected by conversion
Inside the star and probably oscillations in the matter of the Earth

B Effectsof neutrino conversion must be taken into account in the analysis
of neutrino data:
- determination of parameters of the original neutrino fluxes,
- comparison of signals in different detectors

B The observable conversion effect depends also on the difference
of original spectraof the electron and muon/tau antineutrinos

A Yu Smirnov




Conversion of SN (antilneutrinos
Inside’

Ve adiabatic
transitions:

F, = FO + sing AP




Permutation factor

In general:

As a conseguence

of equality F°

or

Fo m, |

F, =

(1-p) F E

= Eeo

ul

+ pAFO AFO= F0 -F0

D

e

Total survival probability v, —> v,
from aproduction point to a detector

InsSidextheyEalth

v, and v, oscillate

Total survival
probability

Without Earth
matter effect

P, isthe probability of v,—> v_transition

In the matter of the Earth

@ 0 =

Inside the star Inside the Earth p= (1-Py
P,. = cos’® B p=sn?

AY U Smirno




SN87A and the Earth matter effect

B Fy)= Fv) +pAF° I

p=(1-P,) isthepermutation factor

P, is the probability of v,—> v_transition

ins de_the Earth
AFP=F(v) - F(v,)

p depends on distance traveled
by neutrinos inside the earth to agiven

detector:
4363 km Kamioka

d= 8535km IMB
10449 km Baksan

Can partially explain the difference

of energy distributions of events
detected by Kamiokande and IMB:

at E~ 40 MeV the signal is suppressed
at Kamikande and enhanced at IMB

- Baksan

IMB

T CILunarding]

Am=7.3107 eV ®
sin*0=0.28

20

30

40 af 60

—— Kamickande

IMB

Baksan

AmP=52 107 ev*® =
sin*8=0.28

40 a0 80




Spectra of events

Kamiokande

original

after
,. conversion
.. inthe star




Reconciling Kamiokande and IMB




Inverted mass hierarchy

energy

Ve

adiabatic
transitions:

[< Ve [ V;>P =sin0,,
If sin?6,, >103 ™, adiabaticity

F, = sin’6 FY + cos?6 F,°




Sterile Neutrino?

3 +1scheme

adiabatic
transitions:




LB\, experiments with i pauiings

— [0 Two well separated Comparison of signals
Beéam uncertaint S detectors are used from the two detectors:
can be controfled If [ Properties of medium oscillation effects between
are know them and also test properties

of the original flux

Thisisrealized for oscillations
of SN neutrinos inside the Earth:




sterile neutrino with mixing ala 3+1 I

small difference of the original
Ve— and v~ fluxes

If in addition,

B further confirmation of
the effect is observed in normal hierarchy

the antineutrino channel

B thethird possibility can be excluded
( alone it does not exclude s:q nceveand v, IfI uxes differ stronger
inverted hierarchy if s, < 109 the antineutrino fluxes

A Yu Smirnov







Probing mass hierarchy
and 1-3 mixing

Extreme
cases

A. Normal hierarchy

large 1-3 mixing

B. Inverted hierarchy

large 1-3 mixing

C. Very small
1-3 mixing

V,, -Spectrum

V,, -spectrum

Earth matter
effect

composite, weakly
(sn20 ~1/4)
mixed

unmixed, hard

in antineutrino
channel

unmixed, hard

composite, strongly
(cos?0 ~ 3/4)
permuted

in neutrino
channel

Large 1-3 mixing: sin?6,; > 10+

composite, weakly
(sn20 ~1/4)
mixed

composite, strongly
(cos?0 ~ 3/4)
permuted

both in neutrino
and antineutrino
channels

A Yu Smirnov.




Ohservahles

B Ratio of the neutrino and antineutrino
eventsin thetails

B Ratio of the tota number of neutrino
and antineutrino events

B Ratio of the average energies

B Ratio of the width of the spectra:

the observed spectra
of v,andv_ events

— Ne(E = EL)

R(E,E)= N-(E >E,)
tht
Riot = N,
=S
E- <B>
<D
r <>
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Scatter Plots
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Shock Wave Effect

R.C. Schirato, G.M. Fuller, astro-ph/0205390 The shock wave can reach the region
relevant for the neutrino conversion
p ~10% g/cc
During 3 - 5 s from the beginning
of the burst

15
14
13

—_
Mo
T

|

3

—_—
T 8| 1 -

| nfluences neutrino conversion if
sin29,; >10°

The effects are in the neutrino

log[Density (g/'cm

Radius (cm)




Shock wave effect

G. L. Fogli et. al, hep-ph/0304056

Time dependence of 7, (p,n) e’ for different energies
3

10
i_é‘ inverted hierarchy H
X, S Effect depends on properties of the
NSes, (sin®,=107) shock wave profile and value of
ey, .
1-3 mixing




Monitoring shock wave with neutrinos

G. Fuller

Studying effects of the shock wave
on the properties of neutrino burst
one can get (in principle) information on

H time of propagation
B velocity of propagation
B shock wave revival time

Can shed some light on

mechanism of explosion




Summary: Solar Neutrinos

KamLAND (+ CPT): confirmation of the large mixing MSW solution;
other solutions are excluded as dominant mechanisms

ﬂ Determination of Am,,2, 6,,: nextimportant step in
reconstruction of the neutrino mass spectrum

‘ Future;
B consistency checks, observations of signatures of LMA:
day-night asymmetry, turn up of the spectrum at low energies
B precise determination of the oscillation parameters

B Searchesfor physics beyond the LMA solution
bounds on sub-dominant mechanisms

KamLAND vs. Solar neutrinos

ﬂ Low energy part of the spectrum: not well known experimentally

“new’’ sterile neutrinos: dip in the survival probability
BOREXINO, KamLAND

A Yu Smirnov




Summary: supernova neutrinos

m), SNI1987A:

B |nterpretation of the neutrino signals from SN1987A
must include effects of neutrino conversion
both in the star and in the matter of the Earth

B The earth matter effect can (at least partialy) explain difference
of the energy spectra observed by Kamiokall and IMB

B Results favor normal mass hierarchy
(earth matter effect in the antineutrino channel)

™. Future detection of the SN neutrino bursts

- lower bound on 1-3 mixing
- Identification of the mass hierarchy
- searches for the sterile neutrinos

Earth matter effect and mass hierarchy
Vv, detectors and negative results

M. Monitoring shock wave with neutrinos

A Yu Smirnov




Adiabatic conversion /- |

. ... — an2
Ny >> Mg Non-oscillatory transition Qp_ sin“ 0
Vom I Vs,
Vim 1 Vi
Mixing suppressed Resonance Interrerence suppr
Ny > Ng Adiabatic conversion + oscillations
Vom I A
v — v,
Ny <Ny Small matter corrections
Vom I vV,
Vi N | A




