The Oscillating Neutrino
(experiments)

Summary

e Introduction : Neutrino masses and oscillations

e Neutrino sources and experiments:
reactors, accelerators, cosmic rays, sun

Possible evidence for oscillations:
Accelerators (LSND)
Sun

Cosmic Rays (atmospheric neutrinos)

e Future
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Introduction:
Milestones in the Oscillating

Neutrino
. Pauli : the "neutrons" to explain the missing
energy
. Fermi : theory of beta decay and the word
"neutrino"
. Reines and Cowan et al.: first direct detection
of electron neutrino
. Pontecorvo : suggestion of neutrino
oscillations
. Lederman Schwartz Steinberg detection of

muon neutrino

. (Reines in South Africa and the KGF
experiment in India) : first detection of
atmospheric neutrinos

. Davis et al.: first detection of neutrinos from the
SUN. Flux lower than expected.

. Beginning of the Atmospheric Neutrino Anomaly
(IMB - Usa and then Kamiokande Japan)

. LSND experiment anomaly(Los Alamos)

. Evidence for Oscillations in the Atmospheric

Neutrinos? (Superkamiokande, MACRO, Soudan2...)
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Introduction:
Direct Measurement of the
Neutrino Masses

* based on the missing energy distributions
experimental limitations due to the resolution of the
energy measurement

« Ve : Beta Decay
n—p-+e +ve

(N,Z) —>(N-1Z+1) + €~
Tritium Beta decay using a magnetic spectrometer

Tritium(2,1) Helium(1,2)+ €~

. Vﬂ: JU. = U +Vu decay

« Vg : ete —1t 1—

T+ —3 7t+- V¢ and other decays
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Introduction:
Direct Measurement of the
Neutrino Masses
Tritium spectrum near the
end point

Exparinanial points

— 1 = {ay
w = 8 Gay

== m =10aV
—e=-m = {5 aV

Counl rate, Hz

gl 18580 185485 18570 aV
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Introduction:
The Oscillating Neutrino

e Pontecorvo suggestion :
if we postulate
1) Neutrino have different masses

2) The Weak eigenstate is a mixture of Mass Eingenstate
then:

Vi) (cos(8) sin(O)) Y
Vel Lsin(6) cos(6)] V)

(6 is called mixing angle)

and the probability of oscillations for two neutrinos is :

2L

Posc=sin2(29)sin2L1 27Am >

( L in meters, E in MeV, Am2 = m12 —mzzin (eV/c2)2

Romalll novembre 1998



Introduction:
The Oscillating Neutrino

* The results of the experiments is usually given as
function of the oscillation probability

* Oscillating Neutrino crossing the Sun/Earth could have

a "Matter Effect" (MSW).
This occurs when the two oscillating neutrinos have

different interactions in the matter (for example the ve
has interaction with electrons in the matter different
from V-

* Neutrino oscillations and masses ==>> significant
changes to the Standard Model

(==>> Fogli - Altarelli)
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Introduction:
The Oscillation Plots

. Am2 due to the energy spread of a typical
sin”(26)
neutrino beams Posc=
2
0 ") ( 2 L\2
. Am#4 Posc=sin (28)[1.27Am = J
E
.-:,;;\ E LR | T "";"'l L L | rorrt 'E
o3k <— sin® 238,,,=2*P )
5 F
1075 E
s S Q022 CL ]
1o L Excluded _
Regicon
10 ;— —;
10 DT coin ey
- 'L_ *«*J‘P 3
f (E/ (A 277 ) -
10 & E
1 (;_‘ ;clr"’ 1 lcl:_z 1 l{;_ ! ~1
sin“24% ’

e the line is defined typically by %2 = % 2min + x (x=4.5..)
* not well defined (Feldman Cousins) also called
exclusion plot ( for me is often a confusion plot)
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Neutrino sources and
experiments

* The experiments are of two kinds :
a) appearance experiments : looking for neutrino of

different kind respect to the beam

several combinations :

VWt Yue

b) disappearance experiments : they measures the flux
of neutrinos similar to the one in the beam

 In both cases the behavior of the counting rates as
function L/E is important to identify the oscillation
pattern
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Neutrino sources and

experiments
Source Neutrino |L E Type |Am2
Beam meters |[MeV min
(eV2)
Reactors Ve 10+~ |3 dis. ~10-3
Chooz 103
Accellerators VM th 30 70 app Ve ~10-1
low energies | v o
LSND
Accelerators VM 103 |26% |app Vo |=1
high energy |V, 103
Nomad
Chorus
Atmospheric VM Yu 104+ [100 + |dis ~ 10-4
vV, V, 107 106
Solar Ve 1011 0.1 |dis 10-11
=10
Future : Long Vi Y [106 1104 |app Ve [=10-3
Base Line dis
Beam

e dis = disappearance, app= appearance
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Neutrino sources and
experiments : negative
results from accelerators
(V u—>Vt)
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e The signature is a t produced by vt interaction
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Neutrino at reactors Chooz
France Italy USA

optical e
barrier ’ / steel
D [ tank
neutrb containment
region
target o
acrylic
vessel

%%@@m .

low activity gravel shielding

[ [ [ [ [ [ |
0 1 2 3 4 5 ém

* Gd loaded liguid scintillator to have a good detections
of neutrons (Ve p ==>>etn)

n capture after 30usec with 8 Mev signal)
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Neutrino sources and
experiments : negative
results from reactors
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Possible evidence for
oscillations:
LNSD results (vy—ve)

* the only positive result using neutrino artificially
produced
e Los Alamos : 800 MeV proton beam
e neutrino are produced at rest in the following way:
n+ —> vy pt
—et ve T/‘u
* detection p— etn
np— dy (delayed 186 usec)

é;-\ I T TTTTT I S I I IIIIIl[ | T TTTTT
> 10 =
L F Blue 9075 Conf. 3
“c - Yellow, 99%% .
5 I i
£ LSND -
- 1993—97 Data :
10_1:— L L -
e S

10_2_ 1 1 llIIIII 1 1 lllllll 1 1 IIIIIII 1 1 lllllﬂ
10 10°° 10 7 107" 1
sin“2% ’

Fitted Excess | Background |Total Excess|Oscillation

Probability
100.1+£234 |17.3+4 0 82.8+23.7 |0.31+0.09+0.05%

Romalll novembre 1998




Possible evidence for
oscillations:
LNSD results (vu— Vve)

* vu neutrino are produced from s+ decay in fligth
* detection of ve using quasi-elasting scattering:
ve C — e N*
» almost a different experiment : different L, higher
energy neutrinos, different signature, different

background

—— -
N

= = &

L B <, T DIF (p —=> 2l
NE T .

< 10 E_ ._.:.-.T.'-‘—"-'-'-':-""".'-'.'.”:_'_';';'.'.'.-:.'-'" DAR (% —> &)

10 |
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LNSD/Karmen
disagreement?

e Karmen 1 : detector similar to LSND
10 times less statistics
7.3 +7.0 event as excess consistent with LSND

 Karmen 2 : in progress
Better veto shielding
Expected Background 7.8 events
3 events found

oscillating signal expected = 1 events (LSND)

e The interpretation depends on the statistical treatment
of the data and to the way to give upper limits when the
measured numbers are less than the expected
background

* Nice paper of Feldman-Cousins on Phys RevD  1998.
* If you believe to the background evaluation

Karmen?2 is inconsistent with LSND at 90% CL.
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The Sun as Neutrino Source

— -

]p+p -;2H+e++u

pre—+pH- v,

1 F’ﬂ‘ l Fep

99.6%

0 4%

H+p = HE+’}'

3He + 3HE = Me + 2p

<< f G
15%

SHe + p =+ YHe + et +Vp

| | hep

i"H«-:- + 4lrle

-IrTBe+T1

THE+E—-}?Li+‘

'

Li+ p = 4He + ke

5

The sun
burns 4p

through “pe + 2e* +

nuclear e+ 7Y
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The Sun as Neutrino Source
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* Experiments

1.G

Neutring bEnergy (MeV)

Homestake(USA) Chlorine

SAGE(Russia) and Gallex (Gran Sasso) Gallium

Kamiokande and SuperKamiokande (Japan)water
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SUN
GALLEX at Gran Sasso

NZ‘

3
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SUN
GALLEX at Gran Sasso
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PMT support

SUN
Superkamiokande

S50.000 ton Water Cherenkov Detector

11,200 20" PMTs

electronics hut . - _
AR,

cranc

concrete

rock =
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SUN : Neutrino flux

measurements
C 1.0
S E
s £ Ga Cl H,0
a o E
=
> 0.5;— + +
2 +
0.0 E
. SAGE Gollex Homestaoke Kamioka SuperKk
> 0.23MeV > 0.8 MeV > 7.0 MeV
v PP o17%
C Be 28% 13%
& pep 2% 2%
a CNO 7% 5%
= 12% 80% 100%

* There is a = 50% reduction of the measured flux
respect expectations. How reliable are the expectations?
A lot of theoretical work in the past years
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SUN : Theoretical
Predictions

* 39 Experts agree on cross section and systematic
Rev Mod Phys Oct 1998
e Bahcal - Pinsonneault revised model 1998

Tabie |

Standard Model Predictions {3PY98): solar new-
trino Huxes and neutrino capture rates, with le
uncertaintics from all sources {combined quadrat-

1caliy).
MOIUTCe Ilux Cl Ga
(1019 @ ~%s~ 1) (SNUJ} {SNU)
pp  5.94 (z.ﬂﬂ'j?'gg}) 0.0  69.6
pep 139 x 1072 (1L.o6T09N 0.2 2.8
hep 2,10 x 1077 (1.0 (4.6)
"Be 4 3{1 x 107 {(1Loothue) 115 344
B 5x 1074100019 59 124
3N f:. ﬂw 10=2 {10015 0.1 3.7
B0 532 x 107 3(1 60T s) 04 6.0
TR 6,33 x 10- ooty 000 0
Total (AR V2
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SUN-Theoretical Predictions
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SUN- Superkamiokande

e 13.5 events/day more than 1 order of magnitude
respect to past experiments

 enough statistic to look to day/night effects (to see
matter effect) and to seasonal variations

no effect found

e electronic device ==>> possibility to measure the
electron direction and to measure the energy
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SUN- Superkamiokande
energy distribution
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SUN- Superkamiokande
Vacuum oscillations
(Just-so)
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SUN- Superkamiokande
Matter oscillations
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SUN- Conclusions
(Global Analysis of Bahcal
Krastev Smirnov)

 Input : all experiments + SK Energy dependence,
Day/Night data

e Matter effect (MSW)

Best solution Confidence Level=7 %
Am2=5 x 10-6 eV2 sin2(0)= 5.5 x 10-3
the large angle solution CL=1 %

e Vacuum oscillations Confidence Level=6 %
Am2=6.5 x 10-11 eV2 sin2(8)= 0.75

e Standard Solar Models without oscillations
inconsistent with the data at 20 o
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Atmospheric neutrinos :
the beam

 Neutrinos are produced in the hadronic cascade produced
from the primary cosmic interacting in the atmosphere

e Basic scheme :
p+tN —n m/k +..
w/k —=pt (p) +ve (v )
ut (p-) —et(e) +ve(ve)

+ vu (V)
==>> at low energies about twice muon neutrinos respect

to electron neutrinos.
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The first Atmospheric
neutrino anomaly

» The contained events with a single muon are less than
expected compared with the events with a single electrons
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* Note : the "error " for R is from the binomial
distribution
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Atmospheric neutrinos :
Sources of uncertainties in a
detailed calculation:

e Experimental data on the cosmic ray spectra and
nuclear composition

* Experimental data on proton-nucleus and nucleus-
nucleus interaction (up to 1000 GeV)

e Data on the strength of the geomagnetic field (at low
energies) , solar modulation

e Constraint from the measurement of the muon flux (as
function of the height)

e At E >=1 GeV the effect of the geo-magnetic field is
small ==>>:

* UP-DOWN symmetry

e Angular Distributions are almost independent from the
theoretical predictions

(u/e)data
(u/e)yMC

theoretical predictions (£5%)

e R= almost intependent from the
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Atmospheric neutrinos :

the beam at low energies
(=1GeV)

Barr et al. (BGS) Honda et al. (HKHM) Bugaev and
Naumov (BN) Battistoni et al (Fluka)

* Significant differences in the absolute flux calculation:
for example for, + [, and energies between 0.4 and
I GeV (flux normalized to BGS)

Flux @y +&e )  ve/vu

BGS | 0.48
HKHM 0.90 0.49
BN 0.63 0.50
Fluka 0.86 0.48

» main difference : different treatment of pion production by
the interactions of protons in the atmosphere.

* but practically same value for the ratio ve/vy

* BGS theoretical erroron R =+ 5%
( warning theoretical errors are generally not gaussian )

e from muon flux measurement in the atmosphere (MASS
experiment) Perkins R =0.49 for E =1 GeV
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Atmospheric neutrinos :
the beam at high energies

(=100 GeV)

e the contribution of the kaons is important
(50% in the interval 10 < E < 1000)

e comparison of different calculation in a recent paper
(Agrawal et al Phys Rev D 53)

e 18 % estimated error on the flux in the interval
10 < E < 1000,
14% error with the muon flux measurement as
constraint

* main sources of uncertainty : primary cosmic ray spectra
and composition
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Neutrino flux respect to the "Bartol" flux
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Atmospheric neutrinos :

* The

Energies of interest

energy of the parent neutrino is dependent from the

topology of detected events

» Up to now four basic topology, neutrino energy
3 GeV- 1000 GeV

e "typical" parent neutrino distributions (Kamiokande cuts)

a0

4l

20

dN,/d(InE,)

10

Roma III
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s
e,

[ 1 lfFT”l | I-|-||I||| 1T 1 ||I|||! 1 ||I|||| I J|“|1
C ]
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C F N
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- | —
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[ f —
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- H fopping 2
1 I 1 L1H .

10 100 1000 1000(
E, GeV

novembre 1998



Atmospheric neutrinos :
SuperKamiokande
UP-DOWN vu asymmetry

1 I IIIIIIII I IIIIIIII I T T TTTI
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e second anomaly : 6 sigma effect (multiGeV)
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SuperKamiokande
vertex measurement

e important for the discrimination of down-going

internal events
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SuperKamiokande
angular distributions

sub-GeV

250 _ 250 ,
| e-like i | e-like
200 |- P <0.4 GeVic 4 200} P=04GeVic
150 F + 4 150}
50 | - 50 |
O I 1 1 1 1 | O I 1 1 1 1
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SuperKamiokande
Global Fit L/E Plot

e data binned by particle type (e,#) momentum (7),
cos(0) (5) for a total of 79 bins)

8 parameters to be minimized (normalization etc)
e scan in the grid Am?2, sin2(20) (mixing)

X2 no oscillations = 135/69 dof ( warning not a true y2)
* result for vy —vt oscillations

X2min=65.2/ 67 dof
* result for vy —ve oscillations

¥2min= 87.8/67

I I ol I
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A STV
51 M
o 1 + E ]
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Discovery?

* additional evidence from stopping muons and
thoroughgoing muons
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SuperKamiokande
Neutral currents

e Single ¥ events are 80% neutral current.
R .

|

|

|

|

|

|

|

’ Aot F Super - K avigone Prebeseny
3
i 1t

A
I LJ L.

i Mase,

e Full v, > Vsterite mixing reduces NC by ~ 25%

o 70/e-like

— Theory Systematic: ~ 20%

(n”/e—like)paTa __
(Wo/e—like)Mc -

0.94 + 0.08(stat.) £ 0.19(prelim.sys)
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=t GRAN SASSO

* Large acceptance (~10000 m?sr for an isotropic
flux)

* Low downgoing u rate (~10°of the surface rate )

» ~600 tons of liquid scintillator to measure T.O.F.
(time resolution ~500psec)

» ~20000 m? of streamer tubes (3cm cells) for
tracking (angular resolution < 1°)

More details in Nucl. Inst. and Meth. A324 (1993) 337.
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» MACRO can detect different categories of Neutrino
produced Muons.
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Pion production at large angle

* Pionsproduced atlarge angle from muon interaction in the
rodk around the detector are a possible source of background
for stopping and throughgoing upgoing muons

= 243 upgoing particles + downgoing muons were found in
13.600 h

background in the stopping muon search (53%)
and in the through-goind (23%)

Mmoo O
mannnilugyy
i O
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11-NaY-48 07:1¢-3¢ HT= O000-FR43-0000-R24% ET=
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Upward-going (through-going)
muons and neutrino oscillations

erground detector

Earth

e Reduction factor for v, —v. oscillations with
maximum mixing

Upgoing Muons E>1 GeV
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s f prad ’

- - ’ -
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Cos(zenith)
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Upward-going (through-going)
muons - 1/ distribution

* the time on the scintillators counters (measured with 0.5 nsec
accuracy) is used to measure the flight direction
of the tracks from the streamer tube chambers

e wrong time measurements are removed checking the
position along the counters measured with the times

 data up to October 1998
E ?_I 1 | I | | I [ | ] | I 1 | | ] [ | I ] | I I_
: U
2 i % :
incL B 23 X10° events _
; N , E
; \ Downgoing us .
[ 3 saintillator planes I§
s
10°¢ j%% -

107

_

m-?;_ 514 upgoing ps

=]

;imﬂ"(&fgﬂﬁg : z

0 { 2 3 4

.
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Upward-going (through-going)
flux (MACRO)

—~ 10 e
. C ]
2 4Ee NEW MACRO data E
% B i
" gL Bartol Flux E
& - . 4
e - ]
E 7 - datad95-12.5 (1/p back) -13.3 semic-9.8 sof 17
5 6 F  Mc=7425:17% E
S . [ R=0.75:0.0320.050 Pt
=2 X +0.13 ftheon =
S, 4 f o
T P e
= GF S g
SEEEISSSSSE S
2 s ) -
a2 P
! \ Max mixing and Am2=0.0025 V2
G I | | |

1 1 | 1 1 1 I 1 1 1 1 1 1 I 1 1 1 1 1 1 | 1 1 1 1 1 1 I 1 1 1 a
4 09 08 07 06 -05 -04 -0.3 -02 -0 0
cost

* from the shape only (predictions normalized to the data):
2 no oscillations = =24/8 dof (P= 0.2%)

best x2 with oscillations in the physical region
~142/8 (P=~7.7%)

maximum mixing , Am2 around 0.002 eV2
vu -->> VT
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Upward-going (through-going)
flux (MACRO)

0-3 1 LA

'Macro Oct 98 data Preliminary:

0.25 |

o
(V)

o
—

0.05 |

probablility for maximum mixing

10° 10° 0.0001 0.001 0.01 0.1 1
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Upmu in Other Experiments
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Atmospheric neutrinos : internal
up events (MACRO)

 Similar cuts used in the through-going
muon analysis with the addiction of :

in order to remove the normal upward-going through-going
muons (1% after this cut)

* From the montecarlo simulation the event
sample is an almost pure sample of single
muon events

89 % of the events are due to v,
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Atmospheric neutrinos : internal

down +stopping events
(MACRO)

* almost 50 % of downgoing events and 50 % of upgoing events (n
time information)

£
E 90 O ct98 data Preliminary
gag - Data 169 - 7 Bck
'I_I ?D [~~~ ™77 777
- No Oscillations
S0 ; = o
S P Predictions 225 ev
50
40 | S
30 F / -
20 — Predictions
- with Oscillations .
10 & 178 +25% s R
O - | | | | | ] | SEEXTLELES =g

2 0.5-0.8-0.7-0.6—0.5-0.4-0.3-0.9-0.1 0
lcos &
e The double ratio of the low energy events is independent from

the theoretical predictions. Only statistical errors and errors due to
the acceptance (10% conservative for both analysis):

Data IUP

MC
=Daia IUP  -0.77+0.14
ldwStop

MCIde top
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* P no oscillations =8%
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Summary for MACRO
MACRO Upgoing Muons (Through-going) :
Ev=100 GeV

* Peak probability vy -->vt 27 %
(max mixing and dm2= a few units in 10-3)
* Probability for No oscillations 0.3%
Low energy events: Ev=4 GeV
R=data/predict No With
No Oscil oscillations oscillations

10-3<dm2<10-2

Internal Up 0.56x0.15 1 0.58
Internal 0.72+0.19 1 0.79
Down +

Stopping Up
Double Ratio 0.77+0.14 1 0.73

Conclusion: a vy -->vt with oscillation with

maximum mixing is consistent with all the
MACRO Data

Only Warning :
The peak probability for the angular distributions of the Upgoin;

Muons (Through-going) is low (7.7%) ==>> Statistical
Fluctuation or Hidden Physics?
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Evidence for oscillations:
Atmospheric neutrinos
Summary

& -l SuperKl internal '
= 2 Kamiokande internal
@ -3 Upmu Super K
bl -1 -4 Upmu Kamiokande 4
NE 1 ﬂ |5 Stop/Upmu SuperK
<]

10 3

MACRO Upmu Ott9: |

0 02 04 06 08 1
siHEZB_

* Negative results omitted
Frejus : not in contradiction for low Am?2
Baksan IMB 1n contradiction but wrong!
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Evidence for oscillations:
Summary

P~ I 1 lllllll b WA ll’llll 1 I lllllll I LI
N '\\ . . } ]
- Tenedy o i
[1}] R D
:" 10 - s ‘.-.-_,EPR =
- - AT B
E | e OM“.':“ ‘:“ :
<] D 7 -

.
~
ALY
™

152l Atmospheric
YV, —> Vx

10"{— Solar MSW
: Ve, —> Vg

10_5;- (Just So)
é &R o

.—.6-
10 1 1 lllllll 1 1 lllllll 1 1 Illllll 1 1 L il
10°* 19> 102 10 1

sin’20%

Figure 16: Allowed and excluded regions for vy, « v, and 7y, «
oscillations.
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Evidence for oscillations:

Experiment ~ Anomaly Probability

N Ve Ve
LSND apper.
(accellerator)

*ek Ve

SUN disapper
et s Vi

Atmosperic  disapper

>50=
5.7x10-5

No

Yes ?

Yes

e Are all the experiments true?

Summary

>?2
Experiments
with different

techniques
No

Yes

Yes

L/E
Signature

No

No

Yes

e If the answer is yes the interpretation needs 3 neutrinos

oscillations or a new neutrino (sterile)

===>> next talks
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Future

e LSND anomaly

1)MiniBone at Fermilab approved
data 2001
2) proposal at CERN ( Lol 216)

* SUN anomaly
1)Borex (Gran Sasso) liquid scintillator
detection : electron scattering
low threshold

Be7 neutrinos should see 0 ?
data 2000

2)Kamland (Kamioka)
similar to BOREX
+ reactor measurements using the nuclear

power reactors in Japan
data 2000

3)SNO
1000 Tons D20
detection: Cherenkov radiation
Helium-3 proportional counter tubes
for neutrons

Charged Current ne+d---—->p+p+e-
Neutral Current Reaction nx + d--—-—->p + N+ nx
Electron Scattering € + NX --——-> e- + nx

data 1999
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Future
Atmospheric Neutrinos
and Long-Base line beams

| | L | | | | II | | | L II | | |

B a : Atmospherice Vi -
200 ™ 4 . Atmospheri o ]
» B { OSP €ric Ve |
= - ¢ : (KEK - Kamioka) # 5 :
§ | d: (Fermilab -+ Minos) % 0.1 |
g 180 — e : (CERN - Gran Sasso) % 0.1 —
_8 _
= i
- -
) 100 —
= -
Q -
o -

e
8 -
= o0 .
o -

0 ol
10~1

E, (GeV)

[Migure 1: Euergy distribution of interacting {with charged curtent) atmospheric neutrine
and antineutrinos, and of the v, in three LBL experiments. All calculations assume tt
absence of neutrine oscillations, For atmospleric neutrinos the solid {dashed) lines a
caleulated with the the Barwol & (Ilonda o al. 9) The scale of the veriical axis
absolute. note however that the LBL fluxes are multiplied by constant factors,
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Future
Atmospheric Neutrinos
and Long-Base line beams

e two possibility for the experiments:
a) disappeance
b) TAU appearance

e The value of Am?2 suggested by the atmospheric neutrino
measurements is quite low.
 With the planned beam problems with appearance

experiments if Am2 <10-3

Beams

 KEK (Japan) - Kamiokande Ex 1-2 GeV L=250 Km
detector SuperKamiokande and near detectors

low energy
data 1999

e Fermilab Soudan2 (USA) E=10 GeV L=730 Km
detector MINOS appearance/disappearance
approved but ...

Recommended
Proposed experiments Icarus, NOE, Aquarich, Opera,
Nice
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Scientific Committee recommendation:
appearance experiments
a new experiment for atmospheric neutrinos

Future
» |
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Future

* Experiments are difficult and expensive
but now :

Exiciting times for neutrino physics!

* Fundamental questions.

* Long time scales

e very interesting challenges for young peoples
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