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i Thc &iscoverg of the ra&ioactivitg

4 ]n 1896 H Becquerel discovered “Bg chance” that
uranium salts emit a new type of radiation Ge rayon

uraniques}

v ]n a series of cxperiments) from

1897-1902, Rutherford, (hadwick,
(_urie and Villard show that the

radiations are of three

radiation (helium nuclei),

(e]ectrons) and

(verg energetic Photons)




& T he continous 3 spectrum

At that time the common believe was that the electronis

emitted alone in a B decay — mono-energetic electron

Bu i several expcriments confirmed the continous spcctrum

of electrons emitted in a B decay
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| wo Possiblc cxPlanations tor the

v Niels Bohr Non conservation

1))

of the energy

.. at the present stage of atomic

theory, however, we may say that
we have no argument, either
empirical or theoretical, for
upholding the energy principle in
the case of (3 decay, are even led
to complications in trying to do
so. Of course, a radical
departure from this principle
would imply strange
consequences..."

19 July 2010

continuous [3 spectrum

v Wolfgang Pauli "A desperate way

out”

" .. There could exist in the nucleus

electrically neutral particles, which I
shall call neutronen, which have spin 3
and satisfy the exsclusion principle and
which are further distinct from light-
quanta in that they move with light
velocity. The mass of the neutronen
should be of the same order of
magnitude as the eelctron mass and in
any case hot larger than 0.01 proton
mass. The continous B spectrum would
then become understandable from the
assumption that in B decay a neutronenis
emitted along with the electron, in such a
way that the sum of the energies of the
neutronen and the electron is constant.”
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T he [Termi theorg of B decag

The basic assumptions of the Fermi theory (1933) are

A neutral particle (called neutrino by Fermi) is emitted along
with the e in 3 decay.

The nucleus consists of protons and neutrons

The total number of e~ and v is not necessarily constant.
Moreover he stated "... to every transition from neutron to

proton is correlated the creation of ane and v .. Note that by
this the conservation of the charge is assured...”

Protons and neutrons might by simply different quantum
states of the same basic particle (Isospin hypothesis W. Heisenberg)

The weak interaction (the new force responsible for the 3
decay) is a contact interaction
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Abter about 60 years....

V existence postulated | have done a terrible thing:

V interaction theory and name | have postulated a particle that
cannot be detected

Wo]}cgang Fauli

Solar v flux calculation
Idea of v chlorine detector
V interactions observed

Ammwlrir'w’!'vw renctor
/@ lauid

First neutrino detection
(Reines, Cowan 1953) P —

Cagmium capture

’ T

Fap—seen m\ /1/151,_0.53-1&
¢
‘£

= detect 0.5 MeV y-rays from e'e” — vy
=0

= neutron “thermalization” followed
by capture in Cd nuclei = emission

of delayed y-rays (average delay ~30 us)
Annihilation
Z/"m L @ uiawie
scintillation!
| detector

Event rate at the Savannah River
Hzo + nuclear power plant:
Cdcl 3.0 = 0.2 events / hour

(after subracting event rate measured
with reactor OFF )

in agreement with expectations

@ Hy0 + CdCyy
(target)

-1, I1, T1I:
Liquid scintillator



The troublesome neutrino historg is not over....

B ]n 1957 a wrong rumor reached B Fontecorvo: R Davies had

observed the reaction

.+ Cl— e 4+°7 Ay

o This Is an examp]e of Leptonic Number Violation: B.
Fontecor\/o Postulatecl the existence of a new interaction that

allows (in analogg with the K °o-K°bar)

ﬂe — Ve

s Note that at the time of this hgpothesis onlg one type of

neutrinos was know



T he discovcrg chVu (1962)

Swartz, Lederman & Steinberger

vﬂ+N

-
x

cible

ictons

target
20 m

W

blindage de fer

- U+ X

----- sparks along

a muon track

detecteur
(10 tonnes)

]mmeéiately after this result 5. Pontecorvo formulated his neutrino

oscillation t}weorg in terms of transition between Havour!




Production

Propagation

Observation

based on

Classical T T
physics

Movement of pendulumv,,
(“visible” eigenstate)

Coupling

W

Principal modes of
Nt Vi Vo
oscillation v, v,

(with different time evolution) _’,_’, ,:I,;

energy “oscillates”

\Y w- V)
from v, to v, and back i Vg

)
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Couple& Penéulums’ ana]059

Quantum
mechanics

v, production
(Weak Int. eigenstate)

Mixing
Mass eigenstates v, Vv,

(with different
space-time evolution)

v,and v,
disappear and appear
with space-time



* Neutrino oscillation formalism (])

source detection

propagation

L

The mass eigenstates Detection again via

Propagate at weak interaction
different velocities
VN - X
| V(X0)> = Ve> V(X)) = c[v,)e= " VN - e X

un ua
i (Et—K, X)

=c|v,) +5|v,) + s|v,)e P(V, — v,) =<V, | v(t) >F




& Neutrino oscillation formalism (]])

Am*(eV?)
P, , (L) =sin*(26)sin*(1.27 E(GeV) L (km))
P, ., (L)=1-P, _, (1)
proby,-,)
------------ L (Km)= E(Gev)

1.27Am*(eV?)



i Neutrino oscillation formalism (]]])

3x3 Unitary Mixing Matrix

4 N\
VE UE] Ue.?. UE3 vl
Vv, |ITI Uy U Uysllv,

\_ Vo UTl UTE UT3 V3 Y,

PMNS (Pontecorvo-Maki-Nakagawa-Sakata) Matrix

/vf 1 0 0| c5 0 sye™\lec, s, O|fv,
7 0 ¢y 55 0 1 0 —sp ¢ 0]l v,
v.| |0 =85 enfl—s,e% 0 i 0 0 1/\v,

Atmospheric terms Unknown terms Solar terms

R

c.=cosf., s.=sinb.
| 1 1 I

~

/




i Neutrino oscillation formalism (|\V)

® Mixing parameters:

® Mass-gap parameters:

Atmospheric—=>

§ 2

I

o < ‘Jl i fi ]
Pul i 3
SRR -
¢ Solar

fi ]

NORMAL INVERTED

Hc A 1 Mt

-
i

|

U=U (0, 65, 6,5,0) as for CKM matrix

AA2 - Am212 , £ Am223

The absolute neutrino mass

scale should be set by
direct mass measurements:

* 3-decay
« Ov2p3-decay
« “W-MAP”



Disappearance exPeriment

Use a beam of v and measure v flux at distance L from source

M easure ‘(j)a'a' =1- Z‘(Paﬁ
LEa

Examples:

= Oscillation experiments using Ve from nuclear reactors
(Ey = few MeV: under threshold for p or T production)
"V detection at acceleratorsor from cosmic rays

(to search for VHED vt oscillations if Ey is under threshold for T production)

Main uncertainty: knowledge of the neutrino flux for no oscillation
mmmm) the use of two detectors(if possible) helps

/’ by v beam /-

Near detector Far detector

V source measures v flux measures Pqq




Appearance exPeriment

Use a beam of v, and detect vg (3 # ) at distance L from source

Examples:

" Detect ve + Nucleon — e + hadronsin a vy beam

= Detect vy + Nucleon — 1 +hadronsin avy beam
(Energy threshold = 3.5 GeV)

NOTES

Vg contamination in beam must be precisely known
(Ve/Vu =1% in vu beams from high-energy accelerators)

=M ost neutrino sources are not mono-ener getic but have wide ener gy spectra.
Oscillation probabilities must be averaged over neutrino energy spectrum.



T he chlorine experiment (1968)

Neutrino

Bocton@l ",
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35 days

The chicrine experiment

Stage 1
Hautring
absarption

Slage 2a
Argon-37 decs
by alaciron

Stage Ib
Auger sleciron

CI37 _.25% of all natural chlorine

Inverse beta decay (0.86 MeV

threshold)

ClI37+v _ Ar3/+e-

Aris chcmica”g very different
from (Chlorine. An inert gas
that can be eventua”g removed
from chlorine. |t is radioactive
and reverts to (77 emitting an
Auger electron (Fontccorvo

ideas)




Neutrino Flux
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( hlorine 59 numbers

3'Cl(v,e)°’Ar (E,, = 813 keV)
Kt EC t1=505d

3'Cl + 2.82 keV (Auger €, X)

Expects

8.2 SNU + 1.8

Observs

2.56 SNU + 0.23

Neutrino Energy (MeV)



i Th@ solar neutrino Problem

D«

OA]so called “Paradox”J “dilemma , uzzle” and other nice
words that showed that every bo&g éecretlg) believed that:

o| Davis (Chlorine éxpériment> was wrong
e Sahcall (T he solar model) was wrong

Or, more likelg: Both were wrong;

It appears that the explanation in Lepton mixing and the solar
terms of neutrino mixing ... neutrino puzzle

Bilenky,Pontecorvo
Dubna Report E 10545 1977

Is much more actractive and much
mote natural than other explanations”



In 1988 a new hgpothesis

Light neutrinos as cosmological dark matter. A crucial experimental test
Haim Harari a, b

a Weizmann Institute of Science, 76100, Rehovot, Israel

b Fermi National Laboratory, Batavia, IL 60510, USA

Received 15 September 1988.

Abstract

Cosmological dark matter allegedly dominates the energy of the universe. Among all
dark matter candidates, the light neutrino is the only particle actually known to
exist in nature. The most likely light neutrino candidate is v| with mass m(v )
similar, equals 15-65 eV. The only practical way to show that m(v|) is in that range,
is to search for v,-v| oscillations reaching values of sin28, as low as 4x10-4. This
calls for an improvement of the best existing experiment by one order of
magnitude. A dedicated accelerator experiment with an emulsion followed by a
spectrometer, detecting at least 40000 neutrino interactions, can settle the issue.
Such an experiment does not seem impossible. A positive result would prove that
most of the universe consists of v, particles.



T he CHORU5 experimcntz a hig!’x sensitivity

cxPerimcnt to observe oscillations with mass

m(VQ similar, equals 1565 e\/?

Calorimeter

I 4 _,.-...;:"._:\ 4

770 ké emulsion

i
Air core

target and
spectrometer and
emulsion tracker Veto fglane SClnTllla‘rmg fibre

tracker



CHORUS results:

oscillations and charm Phgsics
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Final results on nu(mu) —> nu(tau) oscillation from the C HOR(JS

cxpcrimcnt.
Publishedin Nucl.Phys. 5793 (2008) 326-343

New results from a search for nu/mu —> nu/tau and nu/e —> nu/tau
oscillation.

Published in Phys.| ett. B497 (2001) 8-22

Search for muon-neutrino —> tau-neutrino oscillation using the tau

decay modes into a single charged particle.

Published in Phus.| ett. B434 (1998) 205-213

A Search for muon-neutrino —> tau-neutrino oscillation.

Published in Phys.| ett. 424 (1998)202-212

Leading order analysis of neutrino induced dimuon events in the CHORUS experiment.
Published in Nucl.Phys. B798 (2008) 1-16

Associated Charm Production in Neutrino-Nucleus Interactions.
Published in Eur.Phys.J. C52 (2007) 543-552

Charged Particle Multiplicities in Charged-Current Neutrino and Anti-Neutrino Nucleus Interactions.
Published in Eur.Phys.J. C51 (2007) 775-785

Measurement of nucleon structure functions in neutrino scattering.
Published in Phys.Lett. B632 (2006) 65-75

Measurement of topological muonic branching ratios of charmed hadrons produced in neutrino-induced
charged-current interactions.
Published in Phys.Lett. B626 (2005) 24-34

Search for superfragments and measurement of the production of hyperfragments in neutrino nucleus
interactions.
Published in Nucl.Phys. B718 (2005) 35-54

Measurement of D*+ production in charged-current neutrino interactions.
Published in Phys.Lett. B614 (2005) 155-164

Measurements of DO production and of decay branching fractions in neutrino nucleon scattering.
Published in Phys.Lett. B613 (2005) 105-117

Measurement of charm production in antineutrino charged-current interactions.
Published in Phys.Lett. B604 (2004) 11-21

Measurement of fragmentation properties of charmed particle production in charged-current neutrino
interactions.

Published in Phys.Lett. B604 (2004) 145-156

Experimental study of trimuon events in neutrino charged-current interactions.
Published in Phys.Lett. B596 (2004) 44-53

Cross-section measurement for quasi-elastic production of charmed baryons in nu N interactions.

Published in Phys.Lett. B575 (2003) 198-207

Measurement of the Z/A dependence of neutrino charged-current total cross-sections.
Published in Eur.Phys.J. C30 (2003) 159-167

Measurement of L.ambda/c+ production in neutrino charged-current interactions.
Published in Phys.Lett. B555 (2003) 156-166

Determination of the semi-leptonic branching fraction of charm hadrons produced in neutrino charged-
current interactions.
Published in Phys.Lett. B549 (2002) 48-57

Observation of one event with the characteristics of associated charm production in neutrino charged-
current interactions.
Published in Phys.Lett. B539 (2002) 188-196

Measurement of DO production in neutrino charged-current interactions.
Published in Phys.Lett. B527 (2002) 173-181



iTHE_ 1998 REVOLUTION!

Zenlth

Ratio of Vi/Ve ~ 2 Up/Down Symmetric Flux
(for Ev < few GeV) (for Ev > few GeV)

Note that atmospheric neutrinos were studied as backgrouncj for Proton c!ecagi



Super-KamiokancJe observes a deficit

of atmospheric neutrinos

300 300 &0 /// i i
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The deficit clepcnds on the energy and the
Path leng’ch!



Since 1998 many exps contributed to the

unclerstanding of the FMNS matrix
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But, what about the solar neutrino Prob]em/Paraclox/... K

1.0



Marsg years after R. Davis...

1.2

1.0
0.8 -
=
7
~ 0.6
5 ’
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0.2
o Sk
2.0

Able to Photograph the Sun with neutrinos, but

not to understand it....



]n 2000 the SNO CxPeriment solved
the long standin
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e : LN,

S solar Prob]em
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’ Vx+e- jvx-}-e-

- Strong directional sensitivity

- Good measurement of v, energy spectrum
- Weak directional sensitivity cc 1-1/3¢0s(0)

- Measure total * B v flux from the sun.

*p+p+€

|- Equal cross section for all v types
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The SNO results
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So the Sunis shining the expectec} number of

neutrinos but many of them are v, and/or v,

Not on]y Dauvis, but also Bahca” was right?
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T he Golden Agc of Neutrino oscillation
from 1998 to 2006: the P |ndicator

PDG 1997 edition PDG 2002 edition PDG 2006 edition

Neutrinos  5pg

No. of Light Neutrino Types from Collider Expts. 2pg Electron, muon, and tau neutrinos (New) 3pg Standard Model and Related Topics
Massive Neutral Leptons & Effects of Nonzero Neutrino Masses 5pg -
Limits from Neutrinoless Double-beta Decay 2pg Neutrino Physics as Explored by Flavor Quantum chromodynamics (Rev..) errata . (25 pages)
Solar neutrinos 8pg Change (New) P9 Slizizoweak model and constraints on new physics (Rev.) (50 pages)
Understanding Two-Flavor Oscillation i i i i
- vo-! 6 Cabibbo-Kobayashi-Maskawa quark-mixing matrix (New)
PDG 1999 ed”-'on Parameters and Limits (Rev.) P9 R 4 9 (20 pages)
) Two-Flavor Oscillation Parameters and 4pg CPviolation (Rev.) (28 pages)
Neutrino mass 16pg Limits (plots) (Rev.) Neutrino mass, mixing, and flavor change (Rev.) (23 pages)
lf\IOA OfCLIilng NEeu‘r:ino Types 2pg No. of Neutrino Types from Collider 2pg Quark model (Rev.) erratum (20 pages)
rom coflider EXpTs. Expts. (Rev.) Grand Unified Theories (Rev.) (20 pages)
Zear;clf\es for Massive 5pg Solar neutrinos (Rev. ) 14pg Structure Functions (Rev.; see below for more figures) (15 pages)
eutrinos Limits from Neutrinoless Double-beta 4pg ET——— dditional fi ®
ructure Functions--additional figures (Rev.; see
Limigls ftr;om I\[l)eu*rrinoless 2pg Decay (Rev.) above) errata 9 (8 pages)
Double-beta becay Fragmentation Functions (Rev.) (26 pages)
Solar neutrinos 8 pg Tests of Conservation Laws (Rev.) errata (5 pages)
CPT Invariance Tests in Neutral Kaon Decay (Rev.) (4 pages)
PDG 2000 edition PDG 2004 edition ¢PViolation in Ks -> 3pi (1 page)
CPViolation in K_Decays (Rev.) (12 pages)
. V(ud), V(us), Cabibbo Angle, and CKM Unitarity (New) (11 pages)
Neutrino mass 17 pg Electron, muon, and tau neutrinos 3 i
. ) (Rev.) P9 Determination of V(cb) and V(ub) (New) (39 pages)
No. of Light Neutrino Types 2pg :
from Collider Expts. Neutrino mass, mixing, and flavor 24
change (Rev.) P9
Searches for Massive Neutrinos (5 pages . .
(@ pages) Number of Light Neutrino Types 2
o from Collider Expts. P9
Two-flavor Oscillation )
Parameters and Limits pag Understanding Two-Flavor 5
Oscillation Parameters and Limits P9
Limits from Neutrinoless - . )
Double-beta Decay (3 pages) Limits from Neutrinoless Double 4pg

beta Decay (Rev.)
Solar neutrinos (11 pages) Solar neutrinos (Rev. ) 18pg



Constramts from a lobal 5V analysis

M ( Gonzale&(;aroa M Maltom and J %alvado (,lpdated global Flt to t]']ree neutrino mlxmg
status of the hints of theta 5 >0, aerv 1001 4524 [hcp ph]

High-7 GS98 with Gallium Low-Z and  AGSS09 with modified
g cross-section from [17] SAGE meas.  Gallium cross-section [13]
AmZ, =7.59 £0.20 (Tggg) x 1072 eV? Same (<10%)
—2.404+0.11 (F937) x 1073 eV? (inverted)
AmE, = (Zo30) ‘ ( Same (C15%)
42.5140.12 (fg33) x 1072 eV? (normal)
f1o = 34.4+£1.0 (T33) 345410 (532) (C10%)
s = 408152 (2D Same ((BO%)
013 =6.873% (< 13.2) 8520 at 1.90 8,570 at 1.50 5.7 139 (< 12.7)
[sin® 613 = 0. 014+3 o (= 0.052) ] [U.Um tg,gfgg (< 0.049) |

dcp € [0, 360] Same



Thc LSND saga (From 1995 on...)

Appearance results
(neutrino mode)

Appearance results
(anti-neutrino mode)

W
E — oL imit ¥ - 2000V
- r - WL Rl B~ 200 MY
& g B ol sy £ M
2 - o= . —— BOTanayck a0 CLImME
F 3 2T
= «
g = 2
w o %
4

Jam®| (et

— s CL mk £ = 0 ney
e GL e, £ a2y
man KAHIENE S0 0L

L e B S O

..5 = ;“j i
QE = -
« Analysis based on 6.46E20 POT e 1 -
* No oscillations at LSND L/E region (> 475 MeV) * Analysis based on 3.386E20 POT i —
* Observed 3o excess of events in low-energy region (< 475 MeV) * No low energy excess welass i ‘|
« Currently work on combined v — v analysis s

Anomaly Mediated Neutrino-Photon Interactions Lot A0z 1002 200
Harvey, Hill, & Hill, arXiv:0905.029

tﬂ Gt?flﬁ

CP-Violation 3+2 Model
Maltoni & Schwetz, arXiv:0705.0107; T. Goldman, G. J.
Stephenson Jr., B. H. J. McKellar, Phys. Rev. D75 (2007) 091301

Phys. Rev. Lett. 103, 111801 (2009)

« More data will provide additional information

ﬁrimorf"W"zom, L yfm%, J;afy 11 cftd

| Lorentz Violation .
Katori, Kostelecky, & Tayloe, Phys. Rev. D74 {2008) 105009 MICFOBOONE @FNAL on the BOONE and NUM|
CPT Violation 3+1 Model beams, DoublelLAr recently proposed to run
, Marfatia, & A i 3 . .
G LS on a refurbished PS neutrino beam. OscSNS
VSBL El N ino Disa 1 1 H H il—
YEBL Fectron Neolrinsl Diss ptissringn will exploit the SNS neutrino beam with a oil

scintillator detector to check the LSND signal
New Gauge Boson with Sterile Neutrinos
Ann E. Nelson & Jonathan Walsh, arXiv:0711.1363



1 he imPortancc of Pursuing neutrino

oscillation studies

Neutrino oscillations are the sole body of experimental evidence for Phgsics

beyond the Standard MOdCl

The observed tiny mass and the large flavour mIXiNg are believed to be
consequences of Phenomena occurred at the Bing Bang

s Neutrino oscillation Phgsics is complemcntarg to high~energ9 collider Phgsics
The Precision measurement of the oscillation parameters and the cliscoverg

of LCF\/ will have impor’cant consequences on astrophgsics and cosmologg

Furthermorf:, if the presence of massive sterile neutrinos is Provecl) it will

contribute to clarhcg the Dark Matter Problem

I"or a detailed discussion of these toPics we referto arXiv:07 104947 and
references therein (The ]55 Working Group); lﬁe]:%Ph/OéOéOﬁ"r Al
Strumia and [~. Vissani



i What about OFF R A7

x None of the experimcnts skowing an evidence for
neutrino oscillations gave D]R}iCT evidence

for the “aPPearance of an unexpected” Havour

after a given distance

s | SND, Karmen and MiniPSoone exploitecﬂ the

aPPearance but the results are rather

controversial...

0 T}wese are the motivations that in | 997, but still
valid, led to the Proposal of the OFT‘:RA

experiment




OF]::__RA first direct detection of neutrino oscillations in

BPPCBFBHCC mode

following the Super- Kamiokande discovery of oscillations with atmospheric
neutrinos and the confirmation obtained with solar neutrinos and
accelerator beams. Important, missing tile in the oscillation picture.

Requirements:
1) long baseline, 2) high neutrino energy, 3) high beam intensity, 4) detect short lived T's

decay "kink" L. w | h e
Vu .................................. <\ 1 )
oscillation Ve

plus 3-prong decay modes




—

x!:)eriment Prmople

J_,CC + = |ectromc Detectors

interface films (CS)

.—d

Electronic
trackers

emulsion layers

¢ |ntense, high~energg muon-neutrino beam
e Massive active target with micrometric space resolution
o Dctcct tau~lcPton Procluction and dccag
o (se clectronic detectors to Provide “time resolution” to the emulsions

and Presclcc’c the interaction region
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The OFTF RA ( ollaboration

| 80 Phgsicists, %% institutions in 1 2 countries

Belgium

ITHE-ULB Brussels

Croatia

IRB Zagreb
France

LAPP Annecy
IPNL Lyon

IPHC Strasbourg

Germany
Hamburg
Miinster
Rostock

Israel

Technion Haifa

1

Italy

Bari

Bologna

LNF Frascati
L'Aquila,
LNGS

Naples
Padova

Rome

Salerno
Japan

Aichi
Toho
Kobe
Nagoya

Utsunomiya
Korea

Jinju

1A

Y4 .\\\
W&y

Russia

INR RAS Moscow -

LPI RAS Moscow

ITEP Moscow

SINP MSU Moscow

JINR Dubna
Switzerland
Bern

ETH Zurich

Tunisia
CNSTN Tunis

Turkey
METU Ankara

http://operaweb.web.cern.ch/operaweb/index.shtml




(_N(35 beam: tuned torv ~aPPearancc at
| NG5S (730 km away from (T RN)

Alessandria
Emilia-Romagna
Monte-Maggiorasca
Monte-Giovo
iry of Gran Sasso

onte-Emilius
Piemonte

L =7%3Gkm__ _ __ —

" neutrino beam ———>

_ 730 km Expected neutrino interactions for 22.5x10*° pot:
(Vet Vo) /v, (CC) 0.87% ~ 23600 v, CC+ NC
! % (O 7160V, +7, CC
negligible ~ 115V, CC (Am?=2.5x 102 eV?)



CNGS Perpormance

2006 | 0.076x10*° pot no bricks Commissioning
2007 | 0.082x10%° pot 38 ev. Commissioning
2008 | 1.78x10% pot 1698 ev. First physics run
;015: 2009 | 3.52x10% pot 3693 ev. | Physics run
. / 2010 | 0.60x10%° pot (23 May) | 579 ev. Physics run
5000 :— 2010
s000 | 5970 events collected until 23 Mag 2010
i (within 10 in agreement with cxPectations>
e ]mProving features, high CNGS egiciencg
I o )
: 5009 (97% in 2008-2009)
7000 )
i 2010: close to nominal year;
(000 L Aim at high-intensity runs in 2011 and 2012
i 2008
g [n] = I'I‘é"i}I IQDIDI = IE-‘é"DI = I4C|IDI — I5'\|TI'C|I = I6|:|.?'DI = I?'CIZI'CI

Days



LNGS of ]NFN) the world largest unéergrouné Phgsics laboratorg:

~180°000 m”? caverns’ volume, ~%’100 m.w.e. overburden) ~1 cosmic l/ m*x hour,
exPerimental imcrastructure, variety of experiments. Ferpectlg fit to host detector and
related facilities, caverns oriented towards (]~ RN.
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CS doublet alignment by Compton electrons: 2.5 rri:icr'ons
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Scanning effort/event: CHORUS ix1 mm?2 mé_
DONUT 5x5 mm? F

Mean -0.8231
RMS 2.767
12 | ndf 1026/6
Constant 1488 + 31.7
Mean -0.8344 + 0.0414
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| ocated neutrino interaction

Emulsions give 3] vector data, with micrometric Precision of the vertexing accuracy.
The frames corresponcj to the scanning area. Ye”ow short lines = measured tracks.

Other colored lines 2 interpo]ation or extrapolation.
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events

T he measured ratio of

N -ike/C (ike events
after muon ]D and event
location is ~20%, as

expected from simulations

Columns (top view) Rows (side view) Columns (top view)

Rows (side view)
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Event: 9150054731, 30 May 2009, 10:03 (UTC), XZ projection |
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‘ Event: 9164000729, 12 Jun 2009, 22:10 (UTC), XZ projection I
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Event: 9164000729, 12 Jun 2009, 22:10 (UTC), YZ projection '
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— vent reconstruction (1)

[ ——

1000 um

TC Mass P Mass
120 + 20 £ 35 MeV 640 125 ;,+100 ) MeV



I~ vent reconstruction (2)
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Kinematical ana]gsis

OFERA nominal ana]gsis fHlow aPP]ieé to the hadronic kink
candidates:

(more refined selection criteria being dcvclopcd were not considered here not to bias our analgsis)

o kink occurring within 2 lead P]ates downstream of the Primary vertex
o kink anglc larger than 20 mrad
° cjaughter momentum higher than 2 Ge\//c

. cjecag Pt higher than 600 Me\./c, 300 Me\//cif > i gamma Pointing to
the cjecag vertex

* missing Ft at Primaxy vertex lower than 1 (3e\V/c

e azimuthal angle between the resulting hadron momentum direction and the
g g

parent track direction larger than /2 rad



K inematical variables

kink (mrad 41 £ 2
 The kinematical variables are computed et
by averaging the two sets of track
parameter measurements decay length (um) 1335% 35
* We assume that:
+6

vyl and y2 are both attached to 27y P daughter (GeVic) 1275
vertex

Pt daughter (MeV/c) 470 *230 4

missing Pt (MeV/c) S ORI

b (deg) 173 + 2

The average values are used in the following kinematical analysis

The uncertainty on Pt due to the alternative y2 attachment is < 50 MeV



Azimuthal angle between

the resulting hadron
momentum

direction and the parent track

direction

| Transverse momentum |
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Hadronic interaction, 1-prong

5 Mr

} |

& 12

= r signal region
1
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0 1 2 3 4 5 6 7 8 9 10
Daughter P (GeV/c)

* no events in the signal region
* 90% CL upper limit of 1.54x10-3 kinks/NC event

* the number of events outside the signal region is confirmed by MC
(within the ~30% statistical accuracy of the measurement)



DATA/MC comParison: gooé agreement in normalization and shape

Entries 119
120
i Mean 0.1008 + 0.03005
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Entries 29

Mean  0.3352% 0.055

RMS 0.2962+ 0.03889
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Statistical signhcicance

We observe 1 event in the I-prong hadron T decag channel, with a background
exPectation (~ 50% errorfor each comPonent> of

0.011 events (reinteractions)
0.007 events (charm)
4

0.018 £ 0.007 (sgst) events I~Prorsg hadron
all dec39 modes: i—-Prong hadron, §~Prong5 + i—-Prong p+ i~|:>rong c:

0.045 £ 0.020 (sgst) events total BG
Bg corxsiclering the I~-prong hadron channel onlg, the Probabilitg to observe 1 event
due to a background fluctuation is 1.8%, for a statistical signhcicance of 2.36 0 on the

measurement of a first V, candidate eventin OFT RA.

[f one considers all T decag modes which were included in the search, the Probabilitg

to observe 1 event fora background fluctuation is 4.5%.

This corresponds to a signhcicance of 2.01 O.



Napoli Group contribution

AT reditato, K. Niwa and [. Stro]in, 7 he emulsion tec/quue for short, medium and /0/75 baseline
VWV, oscillation experiments INFN-A -97-06, DAPNU-97-07, Jan 1997.

Faolo Strolin ha avuto la rcsPonsabilité delbesperimento come Primo Spokespersom carica Poi passata al
fisico francese Yves | Déclais e ora affidata ad Antonio [~ reditato.

Fasqualc Migliozzi & oravice-5 okesperson ed & stato thsics (_oordinator avendo cosi tra Paltro una
sPeciale responsabi]ité nella difficile compito di una valutazione Preventiva delle Prestazioni
dc”’esperimento.

Salvatorc buontcmpo ¢ stato | echnical (Coordinator per |la realizzazione dellintero apparato
sPerimentale ein Partico]are ha diretto la costruzione, mediante un comPlcsso sistema di robot, del
grandissimo numero (150.000) di moduli elementari (“mattoni”) in cui & suddiviso il bersaglio.

(aiovanni De Lc”is ¢ stato ProFondamente impegnato nella messa a punto della tecnica delle emulsioni

Fotogra?iche, coordina ora la loro analisi e ha avuto in essa un ruolo Personalc impor’cantissimo.

Nel gruppo di Salcmo, (Giovanni Rosa (oraa Roma | a Sapienza> e (ristiano Pozza assieme a Nicola
D’ Ambrosio (ora al | aboratorio del (aran 53550) e Valeri Tioukov del gruppo di NaPoli hanno avuto un

ruolo fondamentale nello sviluPPo dei microscopi automatici ultra-veloci necessari per Panalisi della tante

emulsioni Fotogralciche in cui cercare il fatidico neutrino tau.
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. neutrinos induce courage in theoreticians and

perseverance e cxperimentcrs

Maurice (Goldhaber, 1974



