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7 Outline (I) <
| —————— ]

® Quick review of relevant neutrino physics
® Neutrinos in the SM and low energy Fermi effective theory
® Charged and Neutral currents
® Interaction with Leptons and Hadrons
® Mixing and oscillation; neutrino propagation through matter

® Dirac and Majorana mass terms

® Neutrino phenomenology from 0 eV up to PeV scale
® Zero threshold processes
® [.ow energy nuclear processes
® Scattering on electrons

® Elastic, quast elastic, resonant, deep inelastic scattering on nucleon and nuclet
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7 Outline (II) <
e ———— )

® Fixperimental techniques
® Radiochemistry
® Water/Ice (and D20O) Cherenkov detectors
® Organic scintillators
® Sampling calorimeters

o [ Ar

® Accelerator experiments
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7 Disclaimer <%
o ———————————————— .

® The list of items shown before clearly exceeds what may be
discussed thoroughly in only 5 hours.

® Therefore:

® [ assume you are somewhat familiar with basic neutrino physics
and the basics of the Standard Model. I hope the first part is
mostly a recall of known things.

I will focus on key points or on some points often mis-understood

® [ will fly quickly over some of the slides: they are meant to be just
a reference for home work

® [f I go too quick, you complain and we focus on fewer topics
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E A touch of history @ @

® Indirect evidence of neutrinos dates back to early discovery of radioactivity

® Becquerel (1896) discovers 8 radioactivity, .i.e. the spontaneous emission of an electron off
an atomic nucleus [Rutherford, 1899].

® Several experiments in the period 1911-1927 [O. Hahn, L.. Meitner, Chadwick, Ellis-
Wooster| prove that the e- spectrum is continuous, contradicting two-body kinematics.

N. Bohr dares saying: “Maybe in 5 decays energy is conserved only on average”

® Even worse, the 8 decay, e.g., of 14C (and of all

Energy spectrum of beta

nuclei with an even number of nucleons) violates 210 2
decay electrons from Bi

statistics, if the final state is made of a single e

Intensity

o & BN + e

boson boson fermion
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'-n‘ Avoiding historical miopia

® The problem WAS ditficult !

a Alpha Ray =
B Beta Ray .
X X-Ray o
Y Gamma Ray
n Neutron L
Paper Aluminium Lead Concrete
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c The problem WAS difficult CRN

) U-238
Uranium 45E9y
(0] B / (0]

Protactinium

Thorium

Actinium Low solubility

Radium
High solubility

Radon gas
Low solubility

Polonium

Bismuth

Lead

Thallium ;'55230%

Thorium series Uranium series
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7 Pauli and Fermi CRN T

R

E. Fermi

® Both problems are solved by a single idea: a three-body final state
obtained by adding a light neutral spin "2 particle

® Pauli letter, 1930

»»»»»

® The discovery of the neutron (1932, Chadwick) clarifies nuclear structure:
® The nucleus 1s made of protons and neutrons (Heisenberg model, 1932-1933)

* No electrons are within the nucleus

® The neutrons are not the neutrinos (neutrons are heavy and strong interacting)

ANNOIV-VOL. 1 - N. 12 QUINDICINALE 31 DICEMBRE 1833. X1

® These ideas, in the hands of Enrico Fermi, bring to
the first “attempt” to describe weak interactions: LA RICERCA SCIENTIFICA

ED IL PROGRESSO TECNICO NELL' ECONOMIA NAZIONALE

® Many breakthroughs in a single paper:
It is the first Quantum Field Theory beyond QED

. ] Tentativo di una teoria dell emissione
Neutrinos and electrons are not in the nucleus, but are

. . d . . “b ¢ "
created by the interaction el raggi " beta

Nets dol profl. ENRICO FERMI

EXplalnS the Q5 behaVIOllI' Of some ,8 decays llfe_tlmes Rinssunto: Teoria della emissione dei raggi [ delie sostanze radicattive, fondata sul-

lipotesi che gli elertroni emessi dai nucle: non esistano prima della disintegrazione

ma vengano formati, imsieme ad un newtring, in modo analogo alla formazione di

un Quanto di luce che accompagna un salto quantico di wn atomo. Confronto della
teoria con lesperienza
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'-|‘ Fermi theory T

® Fermi theory is a blessing which gives the “desperate remedy” a
convincing theoretical framework

® But it almost killed neutrino physics at its infancy

® Bethe and others compute the neutrino-matter cross sections and the result 1s
despairing
® ~1042-104cm? @ 1 MeV

MEAN FREE PATH IN WATER

1 1

* A= —

no 6 1023 . 1042

=1.710% em =17 ly

Alpha R
o pha ~ay )
B Beta Ray -
X-Ra
X y
Gamma Ra
Y y
Neutron
n

Paper ~ Aluminium  Lead  Concrete ~any material unless neutron star density
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I Inverse S decay <5
e —————— ]

® Historically and physically, is a key process for neutrino physics
® “The golden channel” for anti-neutrino detection at low energy
Large cross section, clean signature ot final state

® First detection by Reines and Cowan was done using this technique

“delayed”
~ 250 ps, ~ 70 cm

/ v - N
/ v
n N / \\ '
7\ / \ /,’
, V! - p
o /
/l !
B - < “prompt” ¥
Ve ® ---~> ~1ns, ~ few mm v (2.2 MeV)
\\
\
\
\
\
\
\
\
3 511 keV
y (511 keV) SRS eV)
€+
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F‘ First detection of (anti)-neutrinos (I) <L

¢ Key point: V-matter cross sections are (always) small

® To detect some Vs you need a huge integrated luminosity, which is obtained
with large very large v fluxes, and patience.

® 1 detection was at first made possible by the development of fission
reactors

® Reines and Cowan, 1956 (after several attempts, including the “idea” to use
atomic bombs explosions!)

® Each U fission yields 200 MeV on average, and 6 V.
Flux: ~ 2.1020 s-1 GW-1, isotropic, <E,> = 0.5 MeV

About ~ 4. 1012 s-1cm-2 for 1 GW reactor at 20 m from the core

For comparison solar neutrinos: ~ 6.5 1010 s-lcm-2 on Earth
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E First detection of (anti)-neutrinos (II) G

® A first conceptual drawing to detect ¥ from nuclear explosions in 1952. Never done.

® Lirst detection at Hanford fission reactor in 1953.

® 300 lit of liquid scintillator observed by photomultipliers
At that time, a record. Largest detector before was about 10 litres.
Neutrons and photons from reactor successfully shielded by lead and borated-paraffin
Lesson learned: cosmic rays make a substantial background, 10 times more than signal.

L . . . . .
“T'he lesson of the work was clear: It is easy to shield out the noise men make, but impossible to shut out the

cosmos. Neutrons and gamma rays from the reactor, which we had feared most, were stopped in onr thick walls of
paraffin, borax and lead, but the cosmic ray mesons penetrated gleefully, generating backgrounds in onr equipment
as they passed or stopped in it. We did record neutrino-like signals, but the cosmic rays with their neutron
secondaries generated in our shields were 10 times more abundant than were the neutrino signals. We felt we had
the neutrino by the cottails, but our evidence would not stand up in count."”

® No surprise: today most

® The group had to develop technologies that are still crucial today
Improve quality and stability of liquid scintillator and large scale production

Low radioactivity components, shielding and tagging of external radiation
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™7 First detection of (anti)-neutrinos (11I) Gt

|

® Conclusive result at Savanah River in 1956

® Two plastic tanks filled with water (blue)

=> VY target (protons)

® Cadmium dissolved in water

=> Cd has a huge neutron capture cross
section and emits high energy ¥

® Between the water tanks, 3 large liquid SSas
scintillators detectors (I, IT e I1I) (4200 litres in total) I,
each equipped with 110 PMTs to detector e annihilation and Ca"}f\\

® FEach v event in the water produces:

A positron, whose annihilations yields two
back-to-back ys => fast coincidence in tanks I and I1I.

A neutron, captured by Cd = again signals in tanks
I or II, delayed by 3-10 ps.

No signal in tank IIT because Tank II is a good shield
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7 Historical note <%
s —————————————— .

® First visual image of a 8 decay (°He in a cloud chamber)

® (Clearly showing that it is a 3-body final state

® Obtained in Hungary in 1956, a few weeks before Soviet invasion,
which stopped completely this activity

J. Csikai
A. Szalay

C. Budapest, fall 1956

gHe —s gl_i + € + g
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|: Discovery of parity violation (1956)

 C.S. Wu (1956)

® She measures the angular distribution of
e- emitted in ultra-cold polarised 40Co
p-decays and discovers parity violation

® She never got the Nobel prize she deserved

Scintillator (for
measurement of
gamma ray
polarization)

Dewar

Scintillator
A

liquid helium

L—

Photomultiplier
Light pipe

CeMg-nitrate + *°Co specimen

Solenoid (for specimen
polarization)

Scintillator (for

E/ measurement of
gamma ray

polarization)

Magnet (for cooling by
adiabatic demagnetization)

liquid nitrogen
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I"7 Neutrino helicity (1958) <N

M. Goldhaber

o

® Goldhaber, Grodzinns and Sunyar (1958)

® V emitted in S-decay have fixed helicity

® A beautiful trick transfers helicity to a detectable y

, 152mEy 1 o=y 4152 g
+% =% + 1
e 1231015 + =7
1928m* =12 Sm + v (963 keV)
- = 0+ 1
P >

3 crucial points:

\ﬂ I v Avseirmung - neutrino helicity is transferred to photon helicity

NaJ-Szintillator/

Photomuitiplier - neutrino recoil is the same as photon recoil

- Sm-152 decays fast, it is not disturbed by crystal
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Istituto Nazios icleare

c Recalling SPINORs properties

® A spinor is a 2-component quantity transtforming under Lorentz

transformations A as:
c=( &) -z
9

® Where LL(Al) eSL(2C) is a complex 2x2 matrix defined as:

%T”r (5'MLO',/LT)

29,,,\" 2 SOLUTIONS for each A

With 0'0:5'021 and g;

—0; are Pauli matrices.

® A Dirac spinor is a 4-component quantity transtorming under Lorentz
transformations A as:

[ o1 )
pa)=| 7| o L) (A
\ x> /
1 % 1
where L(A) — €(§ww/0 ) oMY — _[’VM,’YV]
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7 Lorentz transformation of spinor bilinear G
e —————————————————————————————

® [t can be proved that, given a Dirac spinor, the following
bilinear have the transformation properties belowr:

) SCALAR

Yy°1) PSEUDO SCALAR

% Hap VECTOR

ety PSEUDO VECTOR (AXIAL VECTOR)
Doiagl) TENSOR

where:
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° ° ° rS
I Fermi weak interactions i

e

¢ Assuming point-like 4-fermion interaction the Fermi Hamiltonian reads:

e V
GF LOWEST ORDER DIAGRAM
H W — J T J H FOR NEUTRON DECAY IN
\/i M FERMI THEORY
n P
¢ Original Fermi theory (1934) J'U“ — ’T_I/)/'UJp - nylu“e pure “VECTOR” current

® Gell-Mann - Feynman V-A (1958): JH = Y (gy + gay”)p + vy (1 — y°)e
Phys.Rev. 109 (1958) 193-198
Developed after discovery of PARITY violation “VECTOR” - “AXTAL” current

Note 1: the ratio of axial/vector couplings to leptons is fixed by the theory

Note 2: that of hadrons is NOT

e We see later that the coupling to quarks is the same as that of leptons, but strong
interactions have substantial effects, especially on the axial coupling.
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F‘ Universal weak interactions avv @

® (Gell-Mann and Feynman introduce two key ideas:
® The weak current has a V-A structure

® The interaction is universal, i.e. it explains leptons and hadrons weak interactions,
assuming that all hadrons are coupled to weak interactions.

® Many results: chietly Gr _ )
. Hy = —= 7,7*(1 = 7)1 €va(l = ")
u lifetime is calculated at % level V2
e
2 5 2 ,.,5 WITH LEADING
L R A Y
I 19273 \ L 192r 2m 4 CORRECTIONS
Ve
Weak interactions are responsible also of processes not involving neutrinos:
®  The fact that K* decays both in 2 and 3 pions (violating parity) 1s explained
K—I_ — 7T+7T—|_7T_ BR 5.6% (Phase space is small)

Kt — otV BR 20.7%
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"7 V-A structure o

‘ == — —

® The V-A structure of weak interactions 1s based on solid experimental evidence

® For example a scalar or pseudo-scalar interaction terms would say:
['(rt — et
I'(rT = puty,)

= 9.0 WRONG!
® V-A predicts:

THEORY (tree level) EXPERIMENT  PDG 2020
(”+ . ) _ mg(mg m;)g —1.26 10~ ( °) _1.230 4 0.004 10~
D(rt — ptv,) mi(mz —m?) D(rt — ptu,)

® TWIST experiment has made a high precision test with 1010 polarised muons

® The Michel parameters parameterise the general combination ot the possible S+P+V
+A+T interaction terms.

® The Michel parameters p and 8, which for a pure V — A interaction should be 3/4, are
measured to be:

* 0 =0.74977 + 0.00012(stat.) + 0.00023(syst.)
e 8 =0.75049 + 0.00021(stat.) = 0.00027(syst.)

Phys. Rev. D 85, 092013 (2012)
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F‘ Hadronic weak decays o

® Weak decays of hadrons are affected by strong interactions. We can classity the main
hadronic weak matrix elements as:

e Leptonic decays: < O|J/Sh) |h > e.g. R /L—I_V'u

® Semi-leptonic decays: < h! |J/Sh) ‘ h > eg nuclear §decay, A — pe Ve

® Semi-leptonic with two hadrons in FS: < h/h//‘J/Sh) ’h > eg KT — 7T+7T_€_ﬂe
® Meson oscillations: < h/‘J/Sh)JUl)M‘h > eo K« K’ D'« DY B« BY

® Hadronic with two hadrons in final state: < h’h”’J /Sh)J (h)p ’h > eg AN — pr™

® Generally, Ju= Vu- Ay, but these operators cannot be written exactly because of
strong interactions
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F‘ Standard model (I) <h

® In the SM weak currents are Noether currents ot the gauge group SU(2)r, acting on L
components of fermion fields doublets, e.g.

Vel ( Oi) Vel
— i
( er ) exXpllgc 9 ( er )

® [ eaving to others the complete construction of the model, we recall some key features:

® The group SU(2) has three generators, one of which 1s a neutral current

This neutral current is NOT the photon. We must add another U(1) to the gauge group
SU(2), x Uy (1)

® If the two neutral fields are rotated by Ow angle, electro-weak unification is obtained:

gsinfy =g cosOy =e¢ Y(er)=Y(ver) =—1 Y(er) = -2 Y(veg) =0

® A weak neutral current is indeed predicted:

_ N.B.!
ﬂeL%QZVeLZ“ + €LWQZGLZ“

® with strength: e
g Qy =

Ts — Qsin” @
sin Oy COS@W( 3~ @sin W)
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F‘ Standard Model (II) <R

® The complete SM Lagrangian (before symmetry breaking) reads:
['SM =Lywm + Lk + Lcc -+ »Cnc

® with:

ff _ ( Ve ) ( VuL ) ( VrL ) qf _ ur, CL tr
b er L TL L d'; s b’y

e Ly is the Yang-Mills term for gauge fields (not shown)

o [} is the kinetic (massless) term for all fermions
Ly =il §05 +iq) dql +ieldel, + ivl vl +ial,dul, + idl,dal,
o is the coupling term of fermions to charged W

_ Y (s f CKM ~f +
Lo = \ﬁ (VL”y“eL + Ve, uLv“dQ) W, + h.c.

o is the coupling term of fermions to photon and Z (neutral current)

an — GQIZVMDA“ + QZ?EWM?#ZM

where % is any SM fermion and Q is its electric charge.
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Istituto Nazios icleare

™3 Accidental symmetries: lepton and baryon numbers
s

® Without Yukawa interaction, the Lagrangian for fermion fields may be written in the compact form:
5
Lr=> dnildyy
k
® Where k=1..5 runs over 5 possible representations of the SU(2), x Uy (1) gauge group:

Y3 =ugr (1,4/3) Yy =dgr (1,-2/3) 5 =qr (2,1/3)

1 =er (1,-2) 2 =/ (27 _1)
SU(2) singlet, Y=4/3 SU(2) singlet, Y=-2/3  SU(2) doublet, Y=)4

SU(2) singlet, Y=-2  SU(2) doublet, Y=-1

® Masses are forbidden by gauge symmetry, so there are therefore 5 accidental global U(1) symmetries:

Y — e"CEay,

® Which correspond to the following 5

Noether currents: JH — Z 2k g
Y 9 k

k=1
e I L S a7 SNalal ol | EPTON NUM.

Uv(1) gauge symmetry. Not new!

M__
J1 —6R’y’u€R

[V’ 5 A~ 1 1 -
Jy =vpyvr teryter WHICH WE JI = g(,];j + JE T = 5 (@y"u + dy"d)  BARYON NUM.
JY = ury ug MAY
T = dpytdp REGROUP AS

Jps = Ji' — Jy = vyt ysv 4 eytyse NOT OBSERVED !

JY =dpytdr + upytur
1 1 _
Jps = g(J:/iL +Jy = Jy) = 5(@7”75u+d7”75d)

M. Pallavicini
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"7 Lepton number an
e ——————————

® The changes the picture:
® Jy- Jp J)remain conserved currents, in agreement with observations

® Ji. Jjs are not compatible with mass terms, and disappear

® With three families, global baryon number and individual lepton numbers are
conserved, while individual are not in case of

¢ CKM matrix breaks “individual” baryon numbers, preserving global lepton number;

® Without neutrino mixing, individual lepton numbers are conserved

Because of the accidental symmetry, neutrino mass 1s NOT generated by radiative corrections

® PMNS matrix breaks “individual” lepton number, preserving global lepton number;

® Most relevant test of baryon and lepton number conservation:

T(p — etn?) > 1.6 10°* y
7(1%°Xe =19 Ba +2¢7) > 1.07 10°° y

BR(p~ —e 7)) <4210 "
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t Neutrino mass (I) avv g

® The Standard Model was built assuming massless neutrinos

® A choice that was well motivated by the facts that, experimentally:

m,, < 1.1eV my, < 0.19 MeV m, < 182 MeV

All neutrinos are much lighter than W,Z and corresponding charge leptons

® This creates no problem:

® W and Z are coupled to v and Vg not to Vg and vy

Right-handed components of all fermions are SU(2) singlet (1.e. Y=0);

® Being neutrinos neutral and colour-less, they do not carry any other gauge charge
They right handed components can be omitted from the theory with no consequence

The choice is consistent, 1.e. renormalisation does not re-introduce the mass, because
mass-less neutrinos brings an additional accidental symmetry

® Yy are effectively decoupled and can be 1gnored
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t Neutrino mass (II) <h

® To build a mass term, you must introduce Vr and Vi into the theory:

® Option 1: do the same as for u-quarks, i.e. add proper Yukawa coupling to Higgs doublet

ELECTRON MASS ‘Dirac NEUTRINO MASS
ot Y\ _ o PO _
*CY = —Ye (DeLyéL) ( (I)O >€R—|—h.C. —Yv (VeL,QL) _H— VR —|—hC

® After spontaneous symmetry breaking:

—m (ELVR—FERVL) m =

® Option 2: Being Vr not related to SU(2) gauge symmetry, they do not need to have a gauge

invariant mass term
. : 1
They admit, therefore, with M very large: — 5 M (D]C% vp +Up y%)

In general, the mass term can be:

where: M > m. The terms proportional to m are the same as Dirac mass term [note that p¢ ¢ = 5,y |
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7 Neutrino mass (ITI) <5
s —————————————— .

® The mass term can be diagonalised:

1 1
_ 2 2 - 2 2
m1_2(M+\/M —|—4m) e 2(M VM —|—4m)
® With M » m [e.g. m ~ 200 GeV and M ~ 1016 GeV |:
m2
mq =~ M Mo =~ M <M SEE-SAW mechanism

® One of the two neutrinos 1s very heavy and not observable, while the other one is very light
without assuming very small Yukawa couplings.

® The diagonalised mass term 1s that of 2 Majorana neutrinos:

: 1 —C — _C 1 —C 1747,C
® with: —5 M ({1 + hvy) — oM (DSvo + Daus)
: c . e : 2m
vy =vpsint +vpcosl  ve = —ivpcosf + ivpsinf with  tan260 = 53 <1

® with very small © V1 is an almost pure very heavy right handed neutrino, and v» is the standard
model one with very small mass.
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e ——————— ]

® With more than one SM neutrino, the model is easily generalised

® n families (n=3) and k RH components (k is unknown)
m becomes a k X n matrix, while M becomes a k X k matrix

CP violating phases come from both matrices, in general.

® [n the simplest case with k=n=3, the SM neutrinos are related to mass eigenstates by a
3 X 3 unitary matrix:

Vg >= Uyl > where |v; > are mass eigenstates.

and where U 1s often parametrised as:

1 0 0 cos 013 0 sinfze 0D cosfio sinfio O
[/] = | 0 cosfyz sinfss X 0 1 0 X | —sinfio cosbia O
0 —sinfy3 cosbos — sin @13e°P () cos 013 0 0 1
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I Low energy neutrino - electron interaction <
s e———————

® At low energy (q? € My), the etfective neutrino-electron interaction reads:

Hyy = G—\/g {levu (X = y5)ve] [Zey™ (1 — v5)el + p [Devu (1 — v5)ve] [ (9v — gavys)el}

® where:

1

1 . 9 _1
gv =9r+9gr = —75 +2sin” O g4 =9gL —9gr = —3 P —

® After Fierz transformation of the first term we can write:

Hyy = G—\/g ey (1 —s)ve] (e (cv — cavys)el

® where:

for Vo€  scattering: cy =1+ Pgv ca=1+ PgA

for pe  scattering: Cy = pPgv CA — Pga
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7 Neutrino - electron interaction
R |

® Differential cross section as a function of e recoil momentum:

do 2G% me. | 2<E;)2 me E, — E!
— + CR — CLCR

ar — x| E, E, E,

® where 7/ = E! —m.,=FE| — E, is the electron recoil energy.

® The total cross section reads:

2G2 e El/ 1 ]- (&
o = F M [C% + _C%ﬁ — —CLCRm ]

7 3 2 E,
® Por anti-neutrinos the formula is the same with cr, and cr exchanged.

TREE level cross sections sin? Oy = 0.2312 MS

o [ 104 cm? |

1

5 +sin’ Oy sin® Oy 0.95 E, [MeV]
—% + sin? Oy sin? Oy 0.16 E, [MeV]
sin® Oy 5 -+ sin 0.23 E, [MeV]
sin2 Oy o sin® Oy 0.078 E, [MeV]

* QED and EW radiative corrections are at few % level and are relevant for high precision solar
neutrino experiments and future experiments.
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[ ) ° ° ° F‘
™~ Example: neutrino detection in Borexino RN

e

® Flastic scattering on e detects all ¥ flavours, with a larger cross-section for Ve

i Ve
Ve *\l/e Ve VVe va
+ ¢ = sin® Oy ~ 0.23
e_/i\\’e e-/ﬁ\e_ e-/\e_
G2 1 2 2 (12 1 - 2
o) = |(Je) + 5 olrae) = 2| (5-¢) + 5
9.510-4%5 cm2 @ 1 MeV 1.6 105 cm?2 @ 1 MeV
— o

SIGNATURE: ’Compton’ shoulders

® The e i1s scattered in the

o
w
a

o II\|||\II|II\I||III|I|\I|\II\|IIII|\I

arbitrary units

o
w

® path: few mm
® physics thresh.: very small - 0 2

- 2F, + m,

o
()

o
—
o

¢ triggering thresh.: ~40 keV (dep.)
® analysis thresh.: ~ 200 keV

o
.

0.05

o

100 200 300 400 500
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° ° ry
E Neutrino-nucleon scattering @

® CC v-nucleon scattering is, for historical reasons, called “inverse 8 decay” (also, quasi-
elastic)

e Atlow Ey (= 100 MeV), only Ve are active, being t and T too hea
> DG—F]X?])%GX—H% g%eJr’fl—Hf —%

® Atvery low Ey (= 30 MeV), the CrOss section 1s well reproduced by: )
G E@ (& — EI/
i rePe i 12(143¢%) ~ 9.3 10 42( ) cm?

o(Uep — € n) =0(Ven — € p) =

10 MeV

® While in the region E, ~ 30 - 100 MeV the nucleon form factors become important. Without

writi m==tamplots:

1 Y U W SN (NN TN SN WA S (N NRNN SN SAAN B
50 100 150 200
E, (MeV)
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7 2 neutrino flavours (I) <5
s —————————————— .

® How do we know that the neutrinos emitted in pion decay (accompanying
a muon) is the same as in § decay ?

® 1959: M. Schwartz proposes to build a neutrino beam from pion decay

® 1962: L. Lederman, M. Schwartz and J. Steinberger build a large spark chamber
(using 10 tons of neon gas) to identify muons in neutrino interactions.

blindage de fer
® The idea is still the one
we use today to produce | |
neutrino beams with - w .
accelerators protons _ B W |
l' detecteur
® There was no pton momentum _2om | (10 tonnes)
S€1€Cti()ﬁ oo tincelles sur le

parcours du muon
issu de 1’interaction
du neutrino Vi,
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Istituto Nazionale di Fisica Nucleare

E 2 neutrino flavours (II)

OBSERVATION OF HIGH-ENERGY NEUTRINO REACTIONS AND THE EXISTENCE
OF TWO KINDS OF NEUTRINOS*

G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N, Mistry,
M. Schwartz,t and J. Steinbergerf

Columbia University, New York, New York and Brookhaven National Laboratory, Upton, New York
(Received June 15, 1962)

Be target

STEEL NN

CONCRETE

33—

B,C,D vetos
against entering
tracks

=

, A . FIG. 5. Single muon events. (A) p,, >540 MeV and

1 A 6 ray indicating direction of motion (neutrino beam in-
S ‘ cident from left); (B) p, > 700 MeV/c; (C) p,, >440 with
anace 2 6 ray.
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c - Intermezzo: Bethe-Bloch

B I I I I I I

I I

Radiative losses

- u" on Cu (brems & delta-rays
c?f: 100 <% > i
; Bethe-Bloch =
o L Anderson- 0L ! : : .
/ ~
2[4 "zeger \ ~100% ionization _
> T 5
2 10 -5 v 1 |
W X — Radiative -
a2 62 Minimum  effects 7
S loniestionn resch i W 4 L a =
b _I\lluclear B = et |
0SSES g g e
sl VRS Home #0000 BEEEEGAE L o, En i
il I Without &
1 I | l I I I l |
0.001 0.01 0.1 1 10 5 100 1000 4 104 10° 106
Y
I | | I | I I I I |
0.1 1 10 o, | 10 100 | 1 10 100 |
[M@V/C] [G@V/C] “Crltlcal energy” [Te\//C]
Muon momentum
9. 222,.,2 N
da ApB2 |2 12 2
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rl‘ 2 neutrino flavours (II)

proton — . 1
beam target proton accelerator 1

detector -

pi-meson spark chamber

steel shield
beam ’

The accelerator, the neutrino
beam and the detector

Part of the circular accelerator in
Brookhaven, in which the protons
were accelerated. The pi-mesons (1),
which were produced in the proton

collisions with the target, into concrete
muons (j1) and neutrinos (;r). e 13 <3
m thick steel shicld stops all the —

particles except the penetrati
neutrinos. A very small fraction of the
neutrinos react in the detector and
give rise to muons, which are then

observed in the spark chamber.

fased on a drawing In Sclentific Amerikcan,
March 1963

® Results:

® 64 events detected
® 34 events with a single long track p>300 MeV
o 22 multi-tracks

e Of which, 8 compatible with electron showers, 6 neutrons, 2 electrons from the beam

® There exists a different neutrino type that produces muons and not electrons in nuclear
interactions
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- Discovery of neutral currents <5
o ——————————— )

® In 1968 Weinberg completes the Standard Model in the form we know
today, adopting also GIM mechanism prescription

® 3 fundamental predictions (plus many many more....)

® Neutral currents must exists, and their coupling is fixed by theory

Ver VuQzVer Z" + ery,Qzer, Z"

e
= T3 — Qsin” 0
@z sin By cos Oy, ( 3~ @sin W)

® Fermions are organised in doublets, so at least

Additional third family fermions are not mandatory and will come later, although
they are actually required if you want CP violation in the SM

® There exist 2 gauge bosons, whose mass 1s fixed by the theory once
neutral current strength is measured (to get the Weinberg angle)
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71 Gargamelle experiment G
- ST - r

® The successful detection of neutral currents depends on two crucial technological
improvements/achievements

® The magnetic horn, which allows more intense and purer beams

® It focalise mesons of one size and delocalise the other ones

® The fast, high volume, and high density bubble chamber, to visualise events
® 6.2 m°of liquid freon (CF3Br) with a density of 1.5 g/cm?

® Ideas that are still the key
of more modern efforts such
as SBN at Fermilab, DUNE,
T2K, HK
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™7 Neutral current event in the bubble chamber

v, muon-neutrino
p - proton

- pi-minus

Y gamma-ray
e~ electron

e* positron

_—
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7 Results of Gargamelle © v
o *

® Run with both neutrinos and anti-neutrinos W THJ‘M@ e Event
e v run: 102 NC, 428 CC, 15 neutrons " |

0 ] i 1 _l L yo—
- : NC/CC
® v run: 64 NC, 148 CC, 12 neutrons ) | ..... b _@___/_
| * L | 1 Il !
® Possible backgrounds K] -LI‘J_LJ@,NC Events
. #
Cosmic rays. Excluded by means of asymmetries iy . e
. N @ CC Events
CC with lost muon because of low momentum: :: |
good agreement with calculations st
e}
Direct and indirect significant of | ' T e
but much smaller than signal AP f==--= f----- I """ l@' T,
2t 1 H ) 1 _—
® ALL these are still a key issue for today’s experiments!
% MEASURED NEUTRON STARS
2 100 < E < 500 MeV
. . 9
® Final result of Gargamelle: o -
® “We have observed events without secondary muon or electr |} _|— MONTE CARLO  CALCULATION FOR
. . . CKGROUND
induced by neutral penetrating particles. We ave not able to |3 e
explain the bulk of the signal by any known background.” |3 — T 0w
0200 =60 s oo oo

Fig. 1. Distributions along the v-beam axis. a) NC events in ».
b) CC events in ¢ (this distribution is based on a reference.
sample of ~ 1/4 of the total » film). ¢) Ratio NC/CC in v
(normalized). d) NC in 7. ¢) CC events in 7. ) Ratioc NC/CC

Sin9W in range 0,3 - 0,4 in 7. g) Measured neutron stars with 100 < E < 500 MeV
having protons only. h) Computed distribution of the back-
ground events from the Monte-Carlo.
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7 Three neutrinos CRN T

o e
2v
' ALEPH
. DELPHI
30 | [3
. OPAL
'E !
= 20F
< b
2 | § average measurements, JJ
@) error bars increased
by factor 10
10
(’)‘ Oy OCRN] A S PR SR N R THTT MR [ TR I T |
86 88 92 92 94
E_ [GeV]
Ftot — Fe _I_ Fu _I— FT _I_ Fhad _I_ Finv Measured

Fe F,u P’T Fhad

I';,0 =31,  Canbechecked

Measured (adding up all events with hadrons in FS)
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