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Introduction to neutrinos

TheSandard ot of Eemertar Pates | Neutrinos are heutral leptons

-they intract only weakly, e.g. a mean free path for

neutrino of energy 1 GeV at Earth density equals 100

Earth diameters,
thus 106 such
neutrinos are
heeded to get
one interacting
in the Earth

force carriers

Neutrinos are the second most abundan’r par’rlcles m the

Universe = |
(behind the photons) e.g. there are about 300/cm3  ° ™|
relict neutrinos ’

There are three flavours of neutrinos: |
Ve Vy Vo
- result from the CERN experiments at LEP
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Neutrino sources

Density (kg/m3)

Types of neutrinos observed in experiments:

Natural:  solar, atmospheric, from Supernova
explosions and other astrophysical
sources, geo-neutrinos

Artificial: reactor and accelerator neutrinos

Neutrinos

Image by Colin Rose and Dorling Kindersley
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Neutrino oscillations primer

In the two-neutrino oscillation scheme with two flavour eigenstates o
and B and two mass eigenstates 1 and 2, the probability that neutrino of
flavour o transforms into neutrino of flavour B:
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Matter effects: for neutrinos going through a dense matter
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Neutrinos oscillate > they are massivel

1998 - 2002 - romantic era of great discoveries

1998 SuperKamiokande - solid evidence for the v, <->v_oscillations
2002 confirmed by the long base accelerator experiment K2K
2001-2002 SNO solves the 35 years old solar neutrino puzzle

by the v, -> v fransitions inside Sun
2002 KamLAND shows that reactor anti-v,'s oscillate like solar v,’'s

dEE Ol 0

SuperKamiokande SNO KamLAND
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How have we learned it? - 1

From the measurements of total neutrino fluxes, fluxes as
functions of L, neutrino energy spectra and L/E distributions

SuperKamiokande 0 K2K
§ 18: ‘ Entries . 56
o  MC (bez oscylacji)
o° |
o
O 12+ -
E
2" 4 MC (z osc.)

f &=

45 5
[GeV]

. 3

Evrec[GeV]

Modification of energy spectrum
Agreement with SuperKami6kande

.13IIG§|TI B00km 15k
Fluxes as functions of L

VeV
2-flavor oscillations
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How have we learned it? - 2

Good knowledge od fluxes and energy spectra before
oscillations become visible is essential
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* Only v,'s are produced in a core of Sun
» Solar neutrino puzzle: the total v, flux
measured on the Earth is too small

* SNO measurement: the total neutrino
flux (v .+ v, *v,) in agreement with the
Solar Model > v,> v,
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Neutrino oscillations now

from 2003 onwards - fighting for precision

* New LongBaseL.ine accelerator experiments: MINOS at the NuMI v, beam from
FNAL to Soudan, measuring v, disappearance; OPERA and ICARUS, searching for
v, appearance in the initial CNGS v, beam from CERN to Gran Sasso,

* Medium Base Line accelerator accelerator experiment MiniBooNE at FNAL

- New solar neutrino experiment: Borexino

__ Fermilaly
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Detectors at the NUMI and CNGS beams

* MINOS - near and far detector, both in a form of sandwitches of magnetized
iron and scintilators, running since 2005,

* OPERA - far detector with the sandwitched emulsion target (1.36 ktons) plus
electronic spectrometer, test runin 2006, complete detector in June 2007,

» ICARUS - large TPC's filled with liquid Argon (600 t), start-up in a fall of 2007
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Oscillations parameters

For three neutrino flavours and three mass states - there are six
oscillation parameters: three mixing angles 6,,, 6,5, 6,3 two differences

of mass squared Am?,,, Am?;, and one phase .
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Oscillation parameters

The most probable values for the scheme with 3 v flavours:
0,5 = 45° (maximal mixing), 6,, = 34°(large), 6,5< 13° (small),

|Am2;,| = 2.7 x 10-3 eV?, Am2,, = 7.6 x 102 eV?,
|Am2;,|=] Am?5, - Am2,,]

Measured by the
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One more thing we know about oscillations

There is no need for extra v species (sterile neutrino(s)):

It is the result of the MiniBooNE experiment, searching for the
v, <> v oscillations for L/E =1: L = 500 m, E = 500 MeV (published in
2007), exclusion of the so called LSND effect.
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Neutrino oscillations - questions

0
How small is 6,;? - first priority . 0
13
0 1 i
]
Is CP violated for neutrinos? —Se 0

connects solar ‘and atmospheric regions

Is there a new symmetry of Nature hidden behind the scheme of

heutrino mixing? 4
v, v:} 2
v, el sl
mzam or
Which is the hierarchy = ®™ass? Am?,,,
of neutrino masses? ) J
2 A 7
v.} 5ol v, IS
Normal Inverted

Gita v.1U,1* NN v, [ Uy 12 v [1U,12
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How to better measure 0,5?

Phase I

By searching for v, <> v, (and v, & v,) in LBL accelerator experiments:
T2K, (NOvA) - very complicated analysis because P(v->v, ) depends on
all oscillation parameters (correlations + degeneracies) but due to that
it of fers a possibility fo measure also sign of A2;, (mass hierarchy) and
O¢p (if 65 is not too small) - one needs, however, measurements at
different distances and to use both v, and v, beams

By measuring v, disappearance in the new generation reactor
experiments DoubleChooz and Daya Bay with two (DCh) or eight (DB)
detectors at two (DCh) or three (DB) distances from reactors to significantly
reduce systematic uncertaintes related to v, flux, cross section and reactor
thermal power - pure measurement of 6,

. . o Am3L
1- P, =sin” 26,, sin’ e
4F

}+0(0{2)
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T2K (Tokai to Kamioka) experiment

T2K (start in 2009) - very intensive neutrino beam (first superbeam) due to
very intensive proton beam from the new synchrotron at JPARC, of f-axis
configuration of the detectors (kinematical squeezing of the neutrino energy
spectrum),

ND280 near detector - a complex magnetic spectrometer,

the SuperKamiokande detector as a far detector

Meutrino beam directed across Japan

Super Kamiokande
50,000 tons of water
10,000 phototubes

Tokai accelerator complex and
location of near detector (ND280)

E(GeV) 50 (30 @t=0) 12
Amount of initial protons essentiall | Int.(10™ppp) 330 6
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Further future of the v < v, studies

Phase IT:
New sources of neutrinos based on new types of accelerators

Neutrino factories
107
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Astrophysics of low energy neutrinos

Neutrino astronomy of the Sun,

e.g. measurement of the flux of pep neutrinos and of neutrinos from
the CNO cycle will be possible in the Borexino experiment (neutrino
energy threshold below 0.9 MeV)

Neutrinos from SN explosions
to understand mechanism of the SN gravitational colappse
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Geoneutrinos in KamLAND

* Antineutrinos from 238U, 232Th and “°K allow to study the
mechanism of heat generation inside Earth

- KamLAND is the first experiment sensible enough to measure
neutrinos from U and Th decays

The present limit

from KamLAND

on a heat from
radioactive decays
from U and Th < 60 TW
(as compared to the
estimate of 31+-1 TW)
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Much better results will come from the Borexino experiment
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Future of the studies of low energy neutrinos-1

Huge detectors of a total mass of 100 ktons - 1 Mton,
e.g. in the European LAGUNA project three types of the detector
techniques are considered: water Cherenkov detector (MEMPHYS),
liquid Argon detector (GLACIER) and scintillator detector (LENA)

MEMPHYS '-\\:::; Frewnt Tomnel  G&m
Water Cherenkeov, H‘h —.

{420 kton -1 Mton) . ‘\'l. . o, '
Fubare o
Safery Tunne T : B

LENA, Presend | abaratary

Liguid Scintilator N But also searches

(30-70 ktan) ) wilh W aner Cervaboy Dhedeviors for' pr‘o"'on decays
with ~10 times
higher

2om sensitivity lll

* - 42000 PMT [SOcm)

GLACIER: Liguid Argen (20 -100 kion)
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Future of the studies of low energy neutrinos-2

New underground laboratory(-ies) to host such detectors
e.g. in the European LAGUNA project feasibility studies will be
performed for seven potential localizations
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PHYSICS 1N PYHASALMI MINE

[US

nstitute of Underground
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SUNLAB
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de Modane, France
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SUNLab - Sieroszowice Underground Laboratory?

Geological cutoff - salt

Existing big chamber in salt:

* volume: 85 x 15 x 20 m3

- at a depth ~950 m from the surface
» very low humidity, temperature ~359
Measurements of the wall  c—
movements

Very low background due to natural
radioactivity of the rock
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Very high energy neutrinos

Do they exists?
Where do they come

from?

It is a part of the experimental
program realized with big volume
detectors (1 km3scale)

based on a detection of
Cherenkov radiation in ice |
Icecube (pioneered by AMANDA)
- v's from the northern
hemiphere, energy range (10! -
1021) eV

or deeply in a sea water

Antares, Nestor, Nemo 2450 ;-_;;_-."1 i

(pioneered by Baikal)
- v's from the southern
hemisphere
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Big open questions in neutrino physics

which cannot be solved by oscillation experiments:
What are the masses of neutrinos?
Are they Majorana or Dirac particles?

Direct measurements of the v, mass based on the end-point of

electron energy spectra in beta decays
The best measurement from the end-point of the tritium B decay (2.2 eV
limit at present, 0.2 eV in a few years from the KATRIN experiment)

Cosmological limits

Resent cosmic microwave background measurements by the Wilkinson
Microwave Anisotropy Probe (WMAP) together with different survey
experiments give upper limits for a sum of masses of different
neutrino species typically below 1 eV but they are model dependent

Measurements based on the lifetime measurements for the

neutrinoless double beta decays

Potentially the most sensitive method for the mass determination but

neutrino must be the Majorana particle
A.Zalewska, LHC Symposium, Warsaw, 22.04.2008
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Double beta decay primer

For some even-even nuclei the decay chain (Az+1)
(A Z)— (A Z+1)+e +7, (A.2)
— (A, Z+2)+e +7,
is forbidden by energy conservation
and one could have
(A,Z) — (A, Z +2) + 2e~ + 27, “
(A,2) — (A, Z +2) + 2¢~

(A,Z+2)

.
u = l
; . E 00I6 | 2vpp Ovpp
d u 0014
> Eumz o
W_{:':] C
£ o 0ol
- 0008
v=y -
0.006
e C
{) 0004 -
W oo [
d C u e | | | | | |
ﬂ IIIIIIIIIIIIIIIIIIIIIIIIII L1 11 il
d d 250 500 750 1000 1250 1500 1750 2000
u u enargy [keV] 24
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Double beta decay
[T)5] 7 = G™ | MOV (mu,)°

[M%|* The nuclear matrix element :
(my)? effective neutrino mass (M) =Y ¢xmiUZ,

L nucl-ex/0410029
Isotope 'I"‘f‘:r2 (¥) References {my,) (eV)
Ultimate goal of I—“CB—LM- 107 [zl <72 AdT |
. [Li] .
experlmenfs: EEGE > 1.9 - 1038 [[40]] < 0.35
cae s Se > 2.7-10% (68%) [[43]] < 5.0
sensitivity ~10 meV . . o2 (3] ai
16Cd > 1.7- 108 [[89]] < 1.7
Many sophisticated 28T > 7.7.10% [[58]] <1.0—44
experiments in EZT’E >5.5- lﬁ [(85]] <0.37-19
S Xe >58-1 [[61]] < 17.0— 27.0
preparation - always
' . Xe >1.2.10% [[61]] <0.8—24
Important: , B0Ng > 1.2 102 [[51]] <3.0
- PGCkQTOU"d _'"edUCT'O“ ®Ge  (0.69 —4.18)- 10% [[78]] 0.24 — 0.58
- I1sotopic enmchmen’r_ (e 1.19 . 10°%5 [[78]] 0.44
- good energy resolution ®g; = 14.102 [82]] <15-31
100\ o > 3.1-10% [182]] <0.8—1.2
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Ovpp signal in the Moskow-Heidelberg experiment?

First announcement in 2002, new publication in 2004, based on the
data collected between 1990 and 2003

Klapdor-Kleingrothaus Phys. Lett. BS86 (2004) 198

. ' ' ' | "] Maximum at 2039 keV

gk
7_

Ii 'z T This result must be verified by
1W nE R ‘ another experiment, e.g. GERDA
2%00 2010 2020 ‘E 2030k " 2040 2050 2060 or NEMO3 Should GCh'ZVZ The

e e required sensitivity in a few
Fig. 31. The single site sum spectrum of the four detectors 2,3,4,5 for the period

November 1995 to May 2003 (51.389 kgy), and its fit (see section 3), in the range year‘s
2000 - 2060 keV.
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T

Counts/keV
—
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T

> m, = 0.17-0.63 eV

w
T

N

26
A.Zalewska, LHC Symposium, Warsaw, 22.04.2008



Neutrino cross sections and nuclear effects

Very poor knowledge of neutrino cross sections - much better data
from the MINERVA experiment in a few years

of the situation ,.after MINERVA"

A better description of low energy neutrino interactions with nuclei are

RE scattering, Vo BBA—EM)3 Form Factors

1.0

0.8

0.6

— F&rml G&s Cyz. Egpp==R5 MeV

D_d e e e am as o mm fmme am oaa omm e o mta s ama ome s am i ama s emm s

Present experimental status and simulations

0.0

[
|-

T“ffwm:nr} Fmd F‘un’r}r Included]

G

a 10 15
E.{GaVT]

very much needed, the same for proton decay inside nucleus, a better
knowledge of the nuclear matrix elements in the neutrinoless double {3
decays are really crucial. (Contributions from Polish theorists)

A.Zalewska, LHC Symposium, Warsaw, 22.04.2008
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Dark Matter

Baryonic matter constitutes only ~5% of the Universe mass-energy:
About ~23% is non-baryonic, yet undetected (Dark Matter)

~rle Enaray 739 .
Dark Energy’ 757 The best candidates for DM
(Cosmological Constant) particles: WIMP's

Ordinary Matter 4%
(of this only about| |Dark Matter BRUNEZ4
10% luminous) 237
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WIMP's - direct and indirect detection
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v

Indirect detection of WIMP's, e.g. searches for neutrinos
from the annihilation of WIMP's inside Earth, Sun,...
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Controversy - has the DM signal been observed or not?

The DAMA experiment at Gran Sasso - claimed to observe annual
modulation of signal at energies (2-6) keV

DAMA experiment in Gran Sasso (Nal scintillation
detector) observes an annual modulation at a

x
r g

30 lm;s/'
Fart :
.7 60°
e >

S'Llﬂ,
_, 232 ks

Signal maximal in June,
Minimal in December

- :il IillI | Iil I IIIEI Iillllélllilllléllllil
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Time (day)

» Detector stability ?

 ,Background stability“ ?
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Controversy - has the DM signal been observed or not?

Other experiments exclude the parameter region of DAMA's
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Recent results from DAMA/LIBRA

Four years of data taking, larger detector mass (250 kg of NaI)

24 keV
DAMA results confirmed! T T 1 T T
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Axions - other candidates for DM

The CAST experiment at CERN looks for axions from Sun using the LHC
prototype magnet

In electromagnetic
field axions can
produce photons via
Primakoff effect

. . 107 L
Axions were infroduced to solve S
.strong-CP problem” — - DAMA
= [ _
They couple to photons > [ Tokyo Helioscope
3
= . $ guw HBStas_ _ _ _ _ _ __ _
'L-'Ii":"' 'g-'!.l':"' E' E IEE'I . E CAST Phase I | : |
. i I B |
arXiv:0706.0637v1 S e - 4B
o lase ase E
the best exclusion limit at present : & | |
1{}‘]2_ A ] . e ————— ., 0]
107 107 107 107 107 1 10
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And why not to produce axions?

The OSQAR experiment at CERN - another LHC prototype magnet in use
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GRB's (Gamma Ray Bursts)

Intense (energy release of approximately 10°2 ergs) and short
(0.1 s - 100 s) bursts of gamma ray radiation which occur all over the
sky approximately once/day in very distant galaxes

GRB 080319b - the brighest GRB ever seen, triggered and located by the Swif+t
Burst Alert Telescope (BAT)

"Pi of the Sky" apparatus located at Las Campanas Observatory imaged the
region of GRB 080319b (Swift trigger 306757 at 06:12:49 UT) before, during
and after the GRB with 10s exposures (IR-cuft filter only) Op’rlcal emission was
imaged at the position given by Swift XRT. R

| "Pi of the Sky" observation of GRB 080319B |
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The ,nof the Sky” experiment

Participating institutions : Centrum Fizyki Teoretycznej PAN, Warszawa,
Instytut Probleméw Jadrowych, Warszawa i Swierk, Instytut Fizyki
Doswiadczalnej UW, Instytut Systeméw Elektronicznych PW, Wydziat
Fizyki PW, Centrum Badan Kosmicznych PAN

Present
prototype
system,
taking
data

in Chile

Full system (under construction)
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Where are the Polish groups?

Neutrino physics:

SuperKamiokande (D.Kietczewska since the very beginning), Gallex/GNO
(M.Wajcik for many years),

ICARUS, T2K, MINOS Borexino, GERDA, NEMO3 and SuperNEMO
(searches for neutrinoless double beta decays), LAGUNA

Dark matter searches: WARP and ArDM experiments (using Argon
as the detector medium), OSQAR

. of the Sky": an example that a good group of people can do
valuable research even outside the big international collaborations
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Conclusions

No doubt that the presented topics belong to the best of the XXI
century physics

A nice feature is their interdisciplinary character between particle
physics, astrophysics, cosmology and nuclear physics

Particle physics detectors and methodology of data analysis,
introduced to astrophysics, helped to create a new branch of physics,
which is the astroparticle physics

CERN is a catalyst for many activities in this field
The LHC results will be an important input for astroparticle physics

Future studies of neutrino oscillations will critically depend on the
intensity of proton beams

Does the tiny neutrino mass (probably much smaller than 1 eV) reflect
the existance of particles with masses unaccessible to studies at

accelerators and of the yet undiscovered laws of Nature?
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