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1. The invention of the neutrino

Chadwick Continuous B-spectrum, E.Fermi ot
1914, 1927 |

Bohr as late as '36 thought energy #_;W\
might not be conserved in nuclear :
physics Important papers
Pauli v, 1930 (-143), Dear Ra- were in German
dioactive Ladies and Gentlemen, =4

Fermi, in Zeitschrift fur Physik 88 E%

161 (1934) (16 January)
Emmy Noether, 1918, Noether's

theorem my#0 -
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Discovery

Bethe & Peierls 1934. )\, .p<~1012 cm, 10 light-years for p=3,
will never be observed.

Reines & Cowan, try 100 m from an atomic bomb?. .. Attempt
at small breeder, then at large power reactor. June '56 sent a
telegram to Pauli to reassure him v's exist. (24 y vs 240 y for
Higgs)

1013 v /cm?/s—3 events/h in ~1 ton detector

v+p—on-+e
Nevl/s] = f[/cm?/s] x a[cm?] x V[cm?] x plgn,/cm>] x Nlp/gn,)
N=fXox NxM

_I_
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1957 to the 70's and on

Reactor: v's, not v's; R. Davis, '55, chlorine (BMP)
Parity

p ey, Ve FE vy

ve and v, helicity

Observation of v,

All the way to the SM where neutrinos have zero mass

m(ve) <2.8 eV, 3H — 3 decay
Just 3 neutrinos
If m=0, helicity is L-invariant and ‘H = +1 states are independent

Vright, Vleft N€ed not exist
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Something different

1964 Look for solar v's, just to peek inside the sun. 100,000
gallon of tetrachloroethylene - dry cleaning fluid - are enough to

observe
v 437Cl 537Ar 4+ e
as computed in SSM, from the reactions:
p+p—dt+et+v  Emax = 0.42 MeV
p+p+e —d+v E = 1.44 MeV

d+p—3He4+~ SHe+3He >*He+p+p SHe4%*He -"Be+~
7|_| + v E = 0.86 MeV, 90%
i+ E=0.38MeV, 10%

"Be+p —%Bo+~

Bo—-Bed+el +1v Emax = 15 MeV
plus all return reactions without v’'s.

7Be—|—e_ —
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SuperK, SNO

. Chlorine
Gallium | | >
12 | — T - — ™
Bahcall-Pinsonneault 2000
1 +1%
10
+10%
9
5%
2 +1.5
Be pPe€p
7
+20%
6 8B —-16%

Log v flux (/cm?/s or /cm?/s /MeV)

3
E,, (MeV)
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400 ton CoH»Cly
Extract Ar

Count Ar decays
Add and recover Ar
(non radioactive)
Neutron source
check

30 Year Run
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SNU=1 interaction/sec/103% atomsa1 int./ton/year

Ray Davis, chlorine experiment, expected 7 SNU, gave upper
limit of 2.5 by 1968. E, >0.8 MeV
Is the experiment wrong? No, all checks OKI
Is the SSM correct? Doubts but with help of Helioseismology and
many checks had to be accepted.
New experiments: 1. K-SuperK, H,O, E, >6.5 MeV

2. Gallex-Sage, Ga, E, >0.25 MeV

Photosphers

Usound X T1/2
o ( TBe) o« T10

Sunspot

MNuclear Burning
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Source Flux Cl Ga

(1010 cm—2s71) (SNU) (SNU)
pp 5.94(1.0073 37 0.0  69.6
pep  1.39 x 1072(1.007381) 0.2 2.8
hep  2.10x 10~ 0.0 0.0
"Be  4.80x1071(1.005952) 1.15 34.4
88  5.15x 1074(1.0070{?) 5.9 12.4
13N 6.05 x1072(1.001049) 0.1 3.7
150  5.32x1072(1.0017% 0.4 6.0
17 6.33x107%4(1.00107 0.0 0.1
Total 7712 120718
Observe 2.6 £.23 73x5
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Gallium: "1Ga—"1Ge: Sage and Gallex

N,+ GeCl,

Yo [
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Are there any v from the sun?

Super-Kamiokande

A H>O Cerenkov detector. 41.4 m h x 39.3 m dia
50,000 tons of pure water

11,200 50 cm dia. PMTs, plus more, outer det.

v events point to the sun oK
Emax <15 MeV oK

but
SuperK v

SSM

= 0.44 +0.03
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SUPERFARMIDFAMDE  renmuh foo poses Rey RESSLROH DN RETY 6F Trs0r e SRR
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Neutrinos disappear
In the E-W SM, neutrinos have no mass and ve # vy 7+ vr

Pontecorvo in '67 had speculated on what could happen if lepton
flavor is not conserved and neutrino have mass.

Mass eigenstates are distinct from flavor eigenstates, and con-
nected by a unitary mixing matrix.

V;=UVy, Vi =UlV,

where
Ve 2]
Vr 7/3

are the flavor and mass neutrino eigenstates.
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Example. Two flavors, e, u; two masses, 1, 2

|ve) = COSO|v1) +Sinb|vy) |lvy) = —sinfB|vy) + cosb|vy)

|v1) =cosO|ve) —sinf|vy) |vo) =sinf|ve) + cosl|vy).

If at time t = 0, W(t) = |ve) the state evolves as:
We(t) = cos | vy e 1t 4 sin 6] vy Yet 2L
Substitute and project out the e, u amplitudes
A(ve, t) = cos? 91t 4 sin? g2t

1Bt 1Bt

A(vy, t) = —cosésinbfe + cosésinfe
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The intensities then are:
I(ve, t) = cos* 6+ sin*0 + 2cos?#sin® 6 cos|E; — Eslt

I(vy, t) = 2 cos? 0sin? (1 — cos |E1 — Eb|t).
more conveniently

Ei1— FE
I (ve, t)=1—sin2295in2< 12 2t>

e )
I(vy, t)=sin2295in2< 12 2t>.

or (AE=Am?/2E, t=1/c, using h=c=1)
1.27 x Am? x
E

1.27 X Am?2 X I
- .

with E in MeV (GeV), Am? in eV2 and [ in meters (km).

I(ve, t) = 1 —sin®20sin? (

I(vy, t) = sin? 20 sin? (
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ve OSCillate from 1 to O and back and forth. ..
vy, appear and then fade and so on. ..

That of course if

1. You are lucky

2. You are in control of the experiment

Typically, neutrinos have a continuous spectrum. Then in average
some of the ve disappear and just as many v, appear. For just
two species, the limit is 1/2 disappearance and 1/2 appearance.

With solar neutrinos, E < 15 MeV, the muon (tau) neutrino are
not positively observable because v, + X — p+ X' is energetically
iImpossible.
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. T'his is encouraging but not quite enough. ..
. No oscillation has ever been seen, except. ..

. T'The missing neutrinos can be detected by scattering

_-bool\)l—*

There is more: atmospheric v's

But, before that, what does one get from solar v's?

In fact many solutions, must include oscillations in matter (MSW).
Wave length changes in matter.
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Atmospheric neutrinos

IMB, Kamiokande and SuperK find that high energy v, are not
twice ve.. High energy v’'s come from cosmic rays as:
T — U+ vy

= 2vy + 1ve
1 — €+ vy + Ve

Super-K gives (vu/ve)obs./(Vu/ve)ssm=0.63. Striking for high E,
upward v's. Also seen in Macro at Gran Sasso.

The only hint for oscillation
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< Diameter of Earth >
P(v,—V,) = 1-sin°26sin°(1.27Am°L/E)

Neutrinos that travel Neutrinos that travel
short distances keep their long distances have roughly 50%
>3. original flavor chance to have changed flavors
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Zenith
Isotropic flux of :

cosmic rays /\
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auper —Kamiokande 843 days Preliminary
I | I 1 I 1 I 1 1 I | I 1 I 1 I |

| multi-GeV e-like | | multi-GeV mu-like (FC+PC)
150 - 4 -

100 [ 1 F =

i _+_ 1 L I _+_ ) _
o . & Llara |
+ 44:& ‘ [ Predicted

— NUmuU—-nNutay osc,

pb—— 1 A S R B B
-1 —-0& -0z 02 0b 1 -1 -0b -0z 02 08 1

cos(zenith angle) cos(zenith angle)

Paolo Franzini - Neutrini 28



B TR
:"'"I_"_',-. L
L _
E - Best Fit fnr\f“tn V.
| Sin?20 =1.0,
10 | .

- AM2=2.4 x 10-3eV/?

42 =132.4/137 d.of. G

10 -

4IIIIIII-IIIIIIIIIII-IIIIIIIJJI-I-IIIIIIIJJI-IIIIIIIIIJ
i 0.1 a2 a3 04 0.5 06 0.7 08 0.9 1

sin®20

Karlsruhe - Winter 2002 Paolo Franzini - Neutrini 29



Reactor experiments. Example: Chooz

1 km to reactor
300 ¢ lig. scint.
Lots of v's

I XEEEEIIEEREEX]
optical .
barrier e - veto steel
Vaa 3 =< tank
/ A
& fenlinG @ | confainment
o target U =
o
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o iﬂ vessel
b &
{
R o afR
YT Y YT T Y YTYT YT Y
low activity gravel shielding
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Conventional high energy v beams

Recent example.

Nomad, closed. 450 GeV p produce 1013 v, every 13 s

A

LY

A

rl
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LSND - Karmen

The only appearance experiments
at — ,u"' Vn
‘—>e+ Ve Uy
|—>17€ mixing

v+p—n-+e

_|_

Prompt e and delayed n (n+p — d+ )
LSND 51 £ 20 4 8 events

Karmen No signal, lower sensitivity
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Am?[eV?]

LSND 93595
| . likelihood regions
1 _ ......................................... 9.9.%..@...max..—..4.6 ......

‘ 90% [ max-2.3
\

Ié:’hys. Rev. C (74) 2685
KARMEN?2
107 b-Exclusion (90%.CL.)......\...5x.

BNL776

Sensitivity (90% CL.)

107 107 10",
SIn“20
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SNO. A new kind of detector

D>O Cerenkov

1000 ton heavy water inside
7000 ton water

Reactions:

ve — ve, El. scatt, ES

ved — ppe—, CC

vd — pnv, NC
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o(vee - vee) ~6.5 X o(vge — vge)

oc(ved = ppe) ~ 10 X o(vee — vee)

From measurements of CC and ES
can find flux of v. and v, from sun
to earth.
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PERo(ve) = 2.39 4+ 0.34 4+ 0.15 x 10° /cm?/s

dSNo(ve) = 1.75+0.07 £0.11 4+ 0.05 x 10° /cm?/s
Ap=1.6 o

T herefore use SuperK result:

ER(vz) = 2.3240.03+0.1.08 x 10° /cm?/s

Ap=330

ES data contain all v's (ve favored by 6.5 to 1) while CC data
only due to ve.. The difference is therefore evidence for non-e
neutrinos from the sun.
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SNO, LPO0O1, summer 2001: found missing solar v's

RATIO TO SSM PREDICTION

1.00

0.50

0.00

H

SNO+SK

Ga

——

SK - SNOES
: SO
3 $ sno:cc

1 10
ENERGY (MeV)
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Neutrinos have mass

by,
T Consistent for solar,
(Mass)’ M2, atmospheric, reactor data
LSND requires a fourth,
v l , sterile neutrino
\)i }6Msolar
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Most of the detector that led to the above results were not orig-
inally meant for measuring neutrinO masses.

Reactor Experiments Verify v existence
Underground Experiments Sun dynamics

Proton decay
Accelerator experiments Verify v existencel

Hadron structure
E-W parameters

T he results were surprising. What is still mostly missing are clear
observations of oscillation and appearance of different flavors.

TDonut has reported observation of 4 v — 7 events.
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The future will be dominated by the so-called long baseline ex-
periments. If Am is small one needs large [.

Earth surface

Accelerator

Detector
<« )

KEK has been sending v's to SuperK, 250 km away. for a year
and events have been observed.
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Two new projects are underway. MINOS in the USA, [=730 km
to the Soudan Mine site. CERN-Gran Sasso, with [=732.
Ultimately one would like to see the appearance of v-.

MiniBooNE will begin data taking this year to confirm or other-
wise the LSND claim, which seem to need a fourth neutrino.

More sensitive reactor experiments are on the way.

A real time experiment in Gran Sasso will measure the "Be flux
iIn real time by v — e elastic scattering.

There will also be experiments under water: Nestor, Baikal, Du-
mand. And also under ice, Amanda and over, RAND.
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We will know more, but not very soon.

In the meantime we have to change the SM and possibly under-
stand the origin of fermion masses.

Neutrinos have added a new huge span to the values covered.

T heories are around but which is the right way?

de s De
(large angle M SW) u-e ce te
Vi——®eVyeV3 ce e Te
L ol o cod o oo o vl cd crd cd cowd God coed cod oo ol ol o
o > 2 5 =9 3
< < < < < <
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