Neutrinos

Solar neutrinos problem
Atmospheric neutrinos
neutrinos oscillation
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~—What is the “fuel” of the Sun?

Ancient Egyptian: the Sun is a fire ball
Anassagora: the Sun is made of incandescent iron

1850: J.Waterstone shows that “chemical energy” (combustion) could
substain the Sun for 10 thousand years only (stone age).
Another fuel was needed: gravity force, but not enough meteora around.

1860: Lord Kelvin. Sun contraction under the gravity force. Sun could at
the best be 100 milion years old.

He discredits the Darwin theory that needs more time.

1897: radioactivity discovery. It could provide enough energy, but in the
Sun there are not heavy elements, since it is made mainly by hydrogen
and helium.

1920: Eddington. It is burnt hydrogen to produce helium.
1938: Bethe. Quantitative theory of the fusion processes inside the Sun.
1960: John Bahcall. Standard Solar Model.



e: the Sun gen

pp cycle In the center of the sun
4p +2e- —*He+2v,
2p—sdev, | (pp) 2pe—sdv, | (pep) Q=26.73 MeV
00.75% 0.25% <Ey>=0.3MeV
dp—=-Hey Solar @(v) = 6-10*°v/cm?s
86% 0.00002%
14% (hep)
2’He = a 2p JHe o — "Be y 3He p — @ e+ v,
00 0% 001%

- . - CNO cycle is important
'‘Bee —'Liv, | (Be) ‘Bep—=°By in the older star

Lip —2a ’B — 2a ¢+ v,| (B)
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Energy of solar neutrinos in MeV
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~— How detectneutrinos?™

From an idea of Bruno Pontecorvo in 1946. Use the reaction:

v ,+Cl=Ar+e Threshold energy: 860 KeV

f

Radioactive with half-time of 35 days

Ray Davis in 1955 looked for this reaction in the nuclear reactor of
Savannah River in South Carolina, but he found NOTHING (why?).

In 1956 Reines and Cowan discovered the antineutrino in the same
reactor.

In 1959 Davis started to look for the solar neutrinos produced by the 7Be
and John Bahcall started his calculation on the expected neutrino flux.

1965: began the work at the Homestake mine to install 400 m3 of
chlorine (cleaning liquid).

1966: data taking started.

1968: they found less neutrinos than expected. Wrong computation?
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J. Bahcall : |&(v,)=6.6 10" cm=s™

Neutrinos from Be7: flux reduced by a factor 104, T,

Solar Neutrino Unit: 1 v, capture pe second per
103® target atoms

SNU =107 capture/atom/second

Bahcall calculation: 7.5 +3 SNU i ’— x
Davis measurement (1968): 3 SNU Davis & Bahcall

Good News: Davis had seen for the first time the solar neutrinos.
Bad News: the measured rate was half of the expected one.

1968. Pontecorvo: speculation about neutrino oscillation.



~Other radiochemi

Low threshold radio-chemical counting experiments
v, +(A,Z) = (A, Z+1)+e with (A,Z+ 1) unstable, lifefime of some weks
largest possible target mass : tens of bns to 100 tons (GMNO)
event rate = 1event/day

buried under mountains or in deep mines: reduce cosmic muons fo some tens / day
extract 10-20 atoms of (A,Z+ 1) every some weeks and count thedecays

extraction efficiency » 99% calibrated with v source (®*'Cr, 1.8 MCi Ill)

The glorious Homestake exp’ (1968-99) 31 years of datataking, 2000 int .o
ve + 7Cl = YAr+e” Ty, = 50 days
E =0.861MeVsE, ., =0.813 MeV>E™ =0.423 MeV
Prime importance given the v, — v, strong correlation

Gallium experiments : GALLEX, GNO (under Gran Sasso) , SAGE (Baksan mine)

1992-97 1998- 1991-
Ve T 6a— "Ge+e Trg, = 24 days
Eppesn = 0233 MeV < EIF = 0.423 MeV

Prime inportance to measure the bulk of the flux



At the of 1986 started to take data the Kamiokande experiment (Kamioca
Nucleon Decay Experiment), located in the Kamioka mine, in Japan.

In USA started to function the IMB experiment.
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The signal is given by the Cherenkov B
light produced by the electrons or muons, &
read by photomultipliers. :

e
7

bt

3 '({:‘.LA‘\

M2 :":",1“'
5t
o

hh s ,4‘-5"5’4,'
o
Lk -

Kamiokande was able to see the neutrinos __ e i
produced in the supernova explosion in R
the Large Magellanic Cloud on 23/2/2987.

Ty

Kamiokande is able to record the neutrino 8
interaction in real time and to measure ‘
the neutrino direction and its energy.
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It was found an ANOMALY in the atmosferic neutrinos.
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pF—the Surmmgl%phv’/

The photons produced in the core of the Sun take about one milion
years to arrive to the surface. As far as we know the Sun could be off!

With the neutrons we can observe the Sun “istantaneously”.
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duction of atmosheric neutrinos
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Y.Fukuda et al., Phys. Lett. B 335 (19%4) 237
M.Shiozawa, for the SK collab., talk at Neutrino 2002,
Munich, May 2002

Kam.(sub-GeV) S »o-« :
Kam.(multi-GeV) .
IMB-3(sub-GeV) ]
IMB-3(multi-GeV) ————— ]
Frejus ——
Nusex —— -
Soudan-2 —.
Super-K(sub-GeV) ‘e
Super-K(multi-GeV) [

0 05 1

5 1 15
(F1e)yud (V' 1€)yye

p.He...Fe We have a deficit on muon neutrinos

The deficit is higher for the neutrinos passing through the Earth
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Where are going the neutrinos?

Hypothesis: they oscillate in another type that does not produce a signal in the
detector. We need a “smoking gun” to confirm the hypothesis: the SNO detector

Real-time heavy-water Cerenkov experiment : Sudbury Neutrino
Observatory (SNO) (2001-2003)
1 kton of highly purified heavy water sen by ~ 9 500 PM tubes

7 kton light water shielding and veto

deeply buried at - 1300 m in Creighton mine, Sudbury : 70 cosmic p / day

17.8m dia. PMT Support Structure _~~ 5
9456 PMTs, 56% coverage P

12.01m dia. acrylic vessel — 3"

1700 tonnes of inner shieiding HzO—/ / Host: INCO Lid., Creighton #9 mine

G Coordinates:. 46 2830"N 81 12'04"W
Depth: 2002 m (-6010 mw.e., ~70 p day ')

NL_JcI._Inst. _a_nd} I_\/Ieth. A449, p172 (2000)

5300 tonmes of outer shielding H,O
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??? Why heavy water ???

Elastic scattering (ES) v+e™ —v+e” directionnal sensitivity
like light water
CC&NC:v_ +e — v, +e 86%
NC : Viete = v +e” 14% some sensitivity
Charged current (CC) v, +d — p+p+e” E,.., =1.4 MeV

E. : E ©.=10-15%

Neutral current (NC) v+d — p+i+v measures v, total flux

Neutron detection :e¢ ~14%
- capturen+d — T+ 6.5 MeVy-ray

- y-ray conversion to € - & pairs: Cerenkovsignal
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= SNO: results

* SNO(D,0 Cerenkov detector) measure both charged and total v flux:
- ES: Ve,mte_’\’e,p,l'e = (D(Ve) + 0'155 m(qut)
— CC:veD—epp = O(ve)

— NC: vD—vpn = O(Ve,u1)

* NC rate as expected from Solar Model

o(ve)
* CC/NC ratio: = 0.357 £ 0.030 |
et G + o) ¢

Ve ur fluxin 10°cm2s
E=N

2
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. SNO 2002 : evidence for FLAVOR CHANGE

Standard Solar Model :

50513

Bahcall et al.

495+ 0.72 Turck-Chieze
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Measured event rates v.z.55M predictions (Bahcall et al.)

128* SNU 7.6713SNU 5.1 1.9x10%cms SNO NG

101*13%

SAGE GALLEX Home Kamio

stake kande

Super-K SNO CC

Overall flux deficit :
0.3 <d™/ pPed <0.6

553%

352%

No astrophysical or
instrumental explanation

Ga
- pp = “Be pep chno =B . Hep

H,0 ~ D0 %, disappearance
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Raymond Davis Jr. Masatoshi Koshiba

to Raymond Davis Jr. and Masatoshi Koshiba "for pioneering contributions to
astrophysics, in particular for the detection of cosmic neutrinos”
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— 2015 Nobel Prize

Takaaki Kajita Arthur B. McDonald

To Takaaki Kajita and Arthur B. McDonald "for the discovery of neutrino
oscillations, which shows that neutrinos have mass”
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SPECIAL CASE: 2 NEUTRINOS

.. = .. . . Loleg. w) fale.g. T
» Similar to K%K° mixing: weak eigenstates = strong eigenstates - A L O
— but neutrinos don’t decay (no exponential term) A \ W v W
mp e = oW
NP . . o ]
— always relativistic and tiny mass difference /
Source Target

» Flavour change in vacuum oscillates with L/E:

(macroscopic quantum coherence interference)

*  Why quarks and charged leptons don’t oscillate? =ZAmp
V1 V2
U — Ve cos  sinf
vy | —sinf cost - : L N
\\ - T //’
L \J_.A.f’//rp \‘\'\ e -
Plvo — vg] = sin®(20)sin®*(Am*L /AE) 1-sin2261 Vo Vo
no distinction ) sin226 . - (P = ') sin® 20
6 = n/Z'e ’ Am2 =4 'Am2 7 hevsscnacana :’_;____I ~ P”(.\_’”.i’ - — ) )
o L ST o TS
if Am or 6 =0 P(vq = vg)=0ap pri!lo I: A'gL
massimo " '
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Two-Flavor mixing (for simplicity)

Vol_[cos@ sinf | [V,
I Definite momentum p; same for
vﬁ sing  cos@) |v 2 all mass eigenstate components
Time development for an initially pure lv_> beam: »/ m>
—iE, Ei=Vp2+mf=p+2_‘
lv (t))=cosf e it lv,)+sinfe *|v,) , ., P
a 1 2 mi—m:  pAm?
[, Bt ~iE t E,~E\=——1~
= |cos“f e +sm9e v, ) 2 2E
1 ; (assuming p, is the same)
. -1
+ |cos@sinf( e Z ] )|*[vs) t=L/B wi p~1:
|E,~E \t—%L
Mixing probability:
—_ 2_2 0sin 2 2E2_El
P(v,—vg, t)=[(v v, (2))|*=2(cosfsind )| 1 —cos t
: . : [ 1.27-Am*[eV ]
P(v —v,, t)=sin*20sin’ L =sin®20 sin’ L|km
(Ve=vp 1) 4E 4E|GeV | [fom ]




VWWHAT WE KNOW FROM EXPERIMENTS
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* Neutrino mixing matrix:

: CKM
Uetr Ue2 Ues 0.84 0.54 0.14 0.97 0.22 0.003
Upmns = |Uy1 Upo Uuz| = 1038 0.60 0.70 0.22 0.97 0.04
Ui Ure Uss 0.38 0.60 0.70 0.009 0.04 0.99
.
¢ Neutrino mass spectrum
e Mo T
R i ud s ¢b t
Mass (eV)

10701677107 1 10 10° 10° 10 10° 10° 107 108 10'?

— Quarks and charged leptons produced as mass eigenstates

— Neutrinos as flavour eigenstates

— Unitary triangles, useful when measure sides and angles, have no practical use in lepton flavour mixing

» neutrino oscillation theory



Flavour mixing:

.. similar to the quark matrix, but with very different angles:

57y ~ 0.3

Only if we can hope to discover a phase of CP violation.
(This is the “holy graal” of future experiment of neutrino oscillations)




abs. scale  Standard hierarchy invers hierarchy

Absolute mass scale p unkown
Hierarchy unknown
“amount” of v, in v3 unknown

dm2 ~ 8.0 x 107° eV?
Am? ~ 2.4 x 1073 eV?

€

mass? difference




om? ~ 8.0705 x 1072 eV~

Am? ~ 2.47:8:2 x 1073 eV?

sin? #15 ~ 0.2979-95 (SNO 705 :

—0.04

sin? gy ~ 0.45418:%213

sin” 013 <~ 0.035
sign(Am?) : unknown

CP phase 0 : unknown

0.29 — 0.31)




THE VWHOLE PICTURE

(mass)?

’V._.[ IUei I 2]

ealm~°l3~45“ esutze

sin“ 0,4
Bounded by reactor exps. with L ~ 1 km

v, 4V,
From max. atm. mixing, v, ="
\2
V3
Am? From v, (Up) oscillate
atm but v, (Down) don’t
.y In LMA-MSW, P_ (v,—v,)
= v, fraction of v,

From distortion of v (solar)
Am? ., «— —_
v, %i— sol and v, (reactor) spec;ra
{ From max. atm. mixing, v +v,
includes (v ~v,)/v2

vu[IU’lilzl I]mn]]vtllun|2]

*30°, 613510°
| Am?13| = | Am?Z23| = | AmZam | 2(2.40£0.15) - 103 eV? AmZ1:xAm%02(7.5810.21)- 105 eV?

T -._ ...........
Solary | “
l’ L I”' \\ \1
= 0p '{. | Y| Reactor¥
~ ‘Iu‘l LT
3 \‘?W;J;: '3
st \\\‘\\_-", o
90, 99, 99.73% CL (2 dof)
Ok e
0.0 M M M 0«3 1.0
]
MINOS Preliminary
e MINOSbestfit — Supse oo
— MINOS 50%  — Super& LE 50%
o 25
o
:' ;
b=l
2._
72410 BOT - Wbt maets l\ﬂ
0.8 085 09 0.85 1
sin’26

010¢ ouuneN
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MASS SPECTRUM

* From oscillation experiments we know that neutrinos are massive:
| Am?233]| = | Am?ys| = | AmZem | %(2.40£0.15)- 103 eV2 Am2153Am20%(7.5840.21)- 10 eV2

* Oscillation experiments are not sensitive to the absolute neutrino mass

e Which is the absolute mass scale?

— Cosmology
— Beta Decay

— Neutrinoless Double Beta Decay

‘l 'Vp Vr V3
E
=
v. KA v

- SN - =

BT N

25



