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Course Map

1. History of the neutrino, detection, neutrino
interactions

2. Neutrino mass, direct mass measurements,
double beta decay, flavour oscillations

3. Unravelling neutrino oscillations
experimentally

4. Where we are and where we're going
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Neutrino physics is a diverse field - | can't possibly cover it
all in one series of lectures

1920 1995 2000 20

| will blatantly cover that area in which | can reasonably
be called an expert — neutrino masses and accelerator based
mass measurements.



Lecture 1

In which history is unravelled, desperation
Is answered, and the art of neutrino generation and
detection explained




Crisis

It is 1914 - the new study of atomic physics is in trouble

Number

bela rays Radium-E (Bi-210)

spectrum

Expected
2-body decay

electron 1.05 KE (MeV)

Spin % # spin % + spin % E.#E_ +e




“At the present stage of atomic “Desperate remedy.....

theory we have no arguments “I do not dare publish this idea....”
for upholding the concept of “I' admit my way out may look
energy balance in the case of improbable....”

B-ray disintegrations.” “Weigh it and pass sentence....”

“You tell them. I'm off to a party”




Fermi Theory (1926)

n-—... - 7p Enrico Fermi

e 6 ~ 10% cm? for2 MeV v

v - A, = 22 light years




Detection of the Neutrino

1950 - Reines and Cowan set out to detect v




Project Poltergeist - 1951

A

Buried signal line

30 m for triggering release
a 40m
Back fill—— Vacuum
pump
Suspended
detector Vacuum
lire
\acuurm —
tank

Feathers and
foam rubber




Project Poltergeist - 1951

Muclear
explosive
Fireball |. Explode bomb
1 II.At same time let
ol e, detector fall in
s0m vacuum tank
o - Ill. Detect neutrinos
pump V. Collect Nobel
> Qetoctor Vacuum rize
\Jra,:,_tg_::l':__ line p

Feathers and
foam rubber

OK - but repeatability is a bit of a problem



ldea Number 2 - 1956

A nuclear reactor is the next best thing

Fission of U%*> produces a chain of B decays

c = (11 +/-2.6) x 10** cm?
6 (Pred) = (5 +/- 1) x 10** cm?

Reactor on — Reactor off = 2.88 +/- 0.22 hr*

Liquid scintillator

e /
@\/\V/\/\)\@

511 KeV

. 1. "
Savannah River Jreh e
. Neutron capture

(sort Of) on Cd

D:

H 0+
Cdcl,

D:

Alo us

From Zuber




Neutrinos come In flavours!

Up to 1962, only the electron neutrino had been detected
— and hence only the “neutrino” existed.

¢Suspicions were strong that more were out there

¢ln 1962, Schwartz, Steinberger and Lederman presented

evidence for the muon neutrino and built the very first
neutrino beam!

+ +
- U
A muon produced in a neutrino reaction gives rise to discharges observed in the spark chamber, TC + VM
Foton e PR
I:'ll:mam target proton accelerator TTL e

: i ___:}_“___..'! — 1

- detector -
pl-mesﬂn i . steel shield spark chamber
eam

Bits of the - g3 v, Th—->¢€ +p ®
USS Missouri



The State of Play 1962

Flavour Mass Electric
(GeV/c? Charge

v, <1x10-8 0

electron 0.000511 -1

V < 0.0002 0

)
muon 0.106 -1
tau 1.7771 -1

How many neutrinos do we expect to find?




The Number of light neutrinos

b -

e 0 /v,l,q 305 ALEPH
> \ _ ;

V,l,q 25:—
r,=2 T +3T,+N T

vV 0 |-

Discovery of Z0 allowed

a measurement of the
number of light neutrinos
since the Z0 can decay to <
a neutrino and antineutrino ~"IN =2.9841+0.0083

0 1 |
88 89 80 a1 82 83 84 85

NB Mass of v < m_/2 ~ 46 GeV Eneray (CeY)

10 =




The Tau Neutrino
v_was finally discovered by DONUT in 2000.

800 GeV protons on
Tungsten produce feun

D_(=cs) mesons mmﬂm

Emvilsin  targes

lmimd



Neutrino properties and fallacies




Neutrino Properties

¢Electrically neutral and interact only via the weak
Interaction.

eneutrinos are left-handed.

¢Exist in (at least) 3 active flavours

¢Are almost massless

¢Are the most common fermions in the universe

L& C [ o C L&




Neutrino Properties

¢Electrically neutral and interact only via the weak
Interaction.

“FedtResaretefhoaRrded—

¢Exist in (at least) 3 active flavours

¢Are almost massless

¢Are the most common fermions in the universe

L& C [ o C L&




Helicity and Chirality

¢Helicity is the projection
of spin along the
particles direction

o

H

=27
||

H is not Lorentz Invariant
unless particle is massless

Something is chiral if it
cannot be superimposed
on its mirror image

Not directly measurable
but is Lorentz invariant

(1+A) (1+y,)
P+-: 2 —>PL R: 2

Handedness # Chirality

In the limit of zero mass,
chirality = helicity

A massive left-handed
particle may have both
helicity states



Weak Interaction

¢ Until 1956 everybody assumed that the weak interaction,
like the electromagnetic interaction, conserved parity

¢This was found to be false (see Lee&Yang, Wu)
‘Weak interaction maximally violates parity in that it
only couples to left-handed chiral particles and right-
handed chiral antiparticles

“This is the so-called V-A theory of weak currents

«This has implications for neutrinos




Implication for neutrinos

¢Neutrinos only interact weakly through a V-A interaction
°If Neutrinos are massless then

¢Neutrinos are always left-handed (chiral) and have
left-handed helicity

¢Antineutrinos are always right-handed (chiral) and
have right-handed helicity

Because of production
°If Neutrinos have mass then

¢|lt is possible to observe a neutrino with right-handed
helicity (but NOT chirality)

P(“wrong-sign” helicity) « (m/E)?



In which neutrinos reluctantly interact




A neutrino can see....

Very low Q?, A >r , and scattering v
Is off a “point-like” particle

«Low Q2% A ., scattering is off an Y,
extended object
v »—%

«High Q?, A <r, can resolve quark
In the nucleon

Very High Q% A <<r, can resolve v

sea of quarks and gluons in
nucleon 1 1

\ =

p @




Neutrino-Nucleon Interactions

in a Nutshell
CC - W= exchange NC - Z° exchange

¢Quasi-elastic Scattering
Target changes but no
breakup

¢Elastic Scattering
Target unchanged

Vu+n_’ﬂ_+ D Vu+n—>vu.+ N | |
¢Coherent/Diffractive production “Coherent/Diffractive production

Target unchanged Target uncha?ged

Vu+ n—>u'+n+n+ CI Vu+ N—>Vu+N+TC |
¢Nuclear resonance production *Nuclear resonance production

Target goes to excited state Target goes to excited state
and decays and decays

X
v +n-p +p+a’(N*orA) Vu+N_>Vu+N+n(N Ors)
b ot ¢Deep Inelastic Scattering

¢Deep Inelastic Scattering ;I}'a:_ge’;l;);Ea_IfsV u_|c|>_ uark
Target breaks up A A

v, + quark — w + quark'



(107% cm?/deV)

aad/Ey
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Cross Sections
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Neutrino Cross Sections
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Experimental signature

_|_n_)u N _|_p R IME R R TOF F 8 sl hléue*n L It 1901 FF
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Problems with QE

The CC QE process is the best known neutrino process
occurring at a few GeV

v+ N Qﬁ p+ L, BBA 2003 Form Factors mA_1 .00

5(10 " cm?)

{}vFMALBaD -f,:?vni«lLifan s ,a_x,vLsunuzc

0.2 .—-y ANL 77Dy i v BKAT 98y CFgBr - v-Sergukey- 35 At
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It's getting better

_ x107%
N b ‘i Note tension
E 15, . Preliminary | ctween low
- 140 and high energy
12:_ / measurements
10 \W 1 ﬁ {
o g
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- A
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E, (GeV)

Y. Nakajima Nulntll



Neutrino Cross Sections
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Resonance Region Data

The data Is impressively imprecise

CC Single Pion Production NC Single Pion Production

Multi Pien Preduction

b —> wpm) (10 P cm?) S
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Added complication that the final state pions can (i) scatter
(11) be absorbed (iii) charge exchange within the nucleus

before being observed (iv) nucleons rescatter producing n

+ 0
Tl'n—>Tl'p
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Neutrino Cross Sections
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Problems we haven't really
mentioned

1. We are assuming that the initial target nucleon is just sitting still
before interaction. Actually in the nucleus it has some initial momentum
distribution.

The Fermi momentum modifies the scattering angles and momentum
spectra of the outgoing final state

2. The outgoing final state can interact with the target nucleus.

This nuclear re-interaction affects the outgoing nucleon momentum
direction and charge (through charge exchange interactions)

Theoretical uncertainties are large
¢At least 10%
¢If precise knowledge is needed for a particular target
(e.g. Water, hydrocarbon) then measurements are needed
¢Last measurements taken in the '70s




World Data for Antineutrinos

C.P. falier




Neutrino experiments are hard!

“..In an ordinary way | might say that | do not believe
In neutrinos. Dare | say that experimental physicists
will not have sufficient ingenuity to make neutrinos”

Sir Arthur Eddington




How to make a neutrino beam

Absorber Muon Monitors
Target av Pine

Target Hall Doy Lipe E', SRR

TEII(.L\ - ﬂ'—o'?-’-iﬂ ___-.H___ T B3
profens - I , , e ) )| s 1 3 BT

r-llm_l @ 1 T 1 -. i ' -H 1
Vain Injector Horns ﬂ " T T e—miama ===t :_;";-llj"—-lf-"_'j-{r' --i
100m 30 m
675 m / Rock{ Rocl{ | Roek
Hadron Monitor o 2m 18m 300m
protons /K WKy, v, v,V

Each part of the beamline must be designed with many
tradeoffs in mind

¢Major uncertainty in beam is the production of n/K in p-
target interactions

¢Total flux uncertainties ~ 20%



Proton Beam

*Number of pions « total number of protons on target (POT)
times proton energy

The higher energy neutrino beam you want, the higher
energy proton beam you need.

Source p Energy (GeV) p/year Power (MW) Neutrino Energy
KEK (Japan) 12 1.0E+20 0.01 1.4
FNAL Booster 8 5.0E+20 0.05 1
FNAL Main Injector 120 2.5E+20 0.25 3.0-17.0
CNGS (CERN) 400 4 5E+19 0.12 25

J-PARC (Japan) 40 1.1E+21 0.75 0.8




Targetry

Have to balance competing needs

¢« The longer the target, the higher the probability that a

proton will interact (good)

«But more secondary particles will scatter (bad)

«The more protons interact the hotter the target will get
(bad)

The wider the target the cooler itis (good) but more
material to scatter secondaries (bad)

Low Z material (C, Be, Al) for heat properties

Usually around 50 cm to 1 m long

In small segments so that heating won't break the entire
thing

Cooling systems needed (air, water, liguid helium)




Targetry
23814 e G prise ) cose o

Vilhen this beam hits an iren block, > 10005vh

cm
10

i) &0 d L) B giuli}

11 OOO Temperature Rise (K/pulse)




Magnetic Horn system |

(for Long Baseline Neutnno Osdallation E:-:penrnent]

/ >

\ EndNIagneﬁcHﬂm >
1st Mapnetic Horn y -
12 GV R t+ \5 4= H—J
MR —-. —=i i _ _ '1“3“*1““
&
=250 kA @ msec) (( T‘ B =
: . T- 260 KA @ ree)
:_ W5 m b3 . ,
e

To give a 200 MeV transverse momentum kick to a pion
requires a pulsed current of about 180 kA




Magnetic Horns

AN ™™




Decay Tunnel

Low Energy decays High Energy decays

Pim—ovp)=l—¢ W '=1—¢ "5

Shorter tunnel, less pion decays

Longer tunnel, more pion decays, but muons decay to v_
as well

Vacuum? Then more material is needed to hold it. Air?
Less material but interactions in decay pipe.
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400 MeV Lmac (200 MeV)

1 MW 3 GeV RCS

0.75 MW 50 GeV MR (30GeV)
700 MeV Neutrmos
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Wide band beams

Wide-band neufring bhegm

, i
—
Target Horn eflectar | © ; |
' f | v—-—-: :
WU_E: I . + I l °
::rn:-'ru: e e T I
et Focusing sign T
selactien of 7 K

Large flux of neutrinos
Very hard to predict

(and measure) neutrino flu:
Spectrum is a function
radius and decay point
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] =

5P 100 S0 WD C XN XD 40 450 5
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Narrow Band Beams

L :
Norrow=-band neutring beam . T——
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New idea : Off-axis beams

. 043 F E
T T T
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Neutrino Detectors




So, you want to build a neutrino
detector?

¢How many events do you need to do the physics?
«Determines detector mass
¢«Determines the target type

«What kind of interaction? v, v CC, NC?

‘What do you want to measure?

Energy? Final state particles? This
iInfluences detector technology

‘What sort of backgrounds do have to deal with?

¢More influence on technology - usually
conflicting with signal requirements.

¢How much ca$h do you have?



Neutrino Detectors

¢« No neutrino colliders — detector IS the target

¢ Low cross section implies large mass and hence cheap
material

¢ Neutrinos interact everywhere - vertex can be
anywhere

¢« Neutrinos interact in matter - so final state is subject to
nuclear potentials

¢« Need to identify charged lepton to separate NC and CC
and neutrino flavour

¢ Measurement of energy and scattering angle of charged
lepton

¢« Measurement of total hadronic energy

¢ ldentification of single hadrons for hadronic studies

No experiment can satisfy all these requirements
Most experiments fall into one of a few types



Types of detectors

cRadiochemical experiments

«Water (H,0 or D,0) experiments

¢Scintillator detectors

¢Tracking calorimeters




Radiochemical Experiments

This techniques uses the production of radioactive isotopes.

Davis-Pontecorvo experiment was the first attempt to use
this to look at solar neutrinos

ve+Cl37—>Ar37+ e V6+Ga71—>Ge37+ e

The isotopes Ar or Ge are radioactive. In this type of

experiment the isotopes are chemically extracted and
counted using their decay

Disadvantage is that there is no information on interaction
time or neutrino direction, and only really generates

“large” counte rates for low energy neutrinos (in the MeV
range)




The Davis Experiment

The very first solar neutrino experiment in the Homestake
mine in South Dakota

615 tonnes of Ccl4
Ran from 1968
Still running!

Individual argon
atoms are captured
and counted.

1 atom per 2 days.

Threshold : 814 keV




Water Experiments

Water is a very cheap target material — these experiments
detect charged particles using Cerenkov radiation.

If a charged particle moves through
a material with B > 1/n it produces
an EM shockwave at a particular

angle.
cos0=1/Bn

The shockwave can be detected and used to measure
the particle direction and vertex.

Particles below threshold and neutral particles are not
detected



Principle of operation

.... «Cerenkov light detected as
a ring or circle by PMTs

CHERENKOV EFFECT YIIL" s
P=vic nfwater)=-133 BBBSE TITI ISR
cos 0= 1pn ALV PRl ¢ Vertex from timing
B=1  0=42degrees :. ........' N

¢ Direction from cone
¢« Energy from summed light

¢« No neutrals or charged
particles under Cerenkov
threshold

¢« Low multiplicity events




Super-Kamiokande

| ® 50,000 tons of ultra-pure water
| m1000 m underground
| m 11,146 photomultipliers (PMT)
207 dimension
m 1,885 PMTs in outer layer
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Directionality

Super-K Sofar Neutrinos - 825 days

background

. n 0.5 1
cosine theta-sun

For simple events , the
direction of the ring
can be used to point
back to the neutrino
source

Proof that these
neutrinos were
coming from the sun




G- Kamiskanda

4109 total p.e.
p =480 MeV/c
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4048 total p.e.
p = 689 MeV/c
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lims ns

Colours = time of hit
Event energy = sum of
PMT signals

Electron-like : has a
fuzzy ring

Muon-like : has a
sharp edged ring and
particle stopped in
detector.




Problems

«Any particle below threshold is not seen
Neutral particles are not observed
Multi-ring events are extremely hard to reconstruct
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Deep Water Detectors
Sited off Toulon in the Mediterranean @2400m depth
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Scintillator Detectors

Emission of a pulse light following ionisation

e H i
3 Singlet Tripht . . . .
W Organic liquids and plastics
§, mmmm——o oo - T

sev 5, TogEzzzpse, ==—====1  |ngrganic crystals

5,2 _ -
Nobel liquids

¢In a good scintillator, much more light is emitted by
scintillation than by the Cerenkov process.

¢Scintillation light is isotropic and there is no threshold.
«But no information on directionality,the emission
wavelength depends on the scintillator material, and the
scintillator is usually highly toxic.




KamLAND

Crane

Rock lining

\ 7 Outer water tank

Inner tank

Lig.-scinti.
Container

e —

S5l Aluminum sheets

Phototubes

«External container filled
with 3.2 kton HZO

¢Inner sphere filled with
2 kton of mineral oll

¢Inside transparent
balloon filled with 1 kton
of liquid scintillator

¢Located 1km deep in
the Kamioka mine, just
up the street from
Super-Kamiokande

‘Very pure — background
IS @ major problem.



Event Displays

V,+p—oe +n 200 ms later

~n+p—d+y

KamLAND Event Display
Rur itbrun/Event : 110407674709
Utr; Sat Feb 21:45:53

TimeStamp §

mL ]
: 45 442870 . flumHLER *
E81 (0}

hi: 14.3




Tracking Calorimeters

Layers of target: eg. steel, marble, glass
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NuleV

lron Sampling calorimeter : CDHS,CHARM,CCFR,NUTEV,MINOS

e 1
AT e

Tafget - Calofimete
Mo - Sciokilleter - Drift Chambach

FermilLab 8 Eyn

“Typically used for high energy (> a few GeV) beams
¢lron plates (target) interspersed by scintillator planes
*Muon tracked and radius of curvature measured in toroid

¢Hadronic energy summed from active detector but
single track resolution is not achievable




NuleV

Run: G547 Ewvent: /773 TIgate: 1 Date: Fri Sep S 23:45:58 1995 | EMul: 31.70 GeV
Trigeers: [N IENIEN BN (51 ¢ ][ 7 BN = ][1c][11][22][13 EHDNC: 46 .99 GeV
FLACE : &0
Pulse height in h counter .

Counter 84 Cournter 1 22 80 1
‘ | =HENLD: =0

1. ol |!|! |!! !I il 1 1 il

muan trajectony

lren Toroids
100 N NN




Event number : 53975 | Partition : 63 | Run number : 5012 | Spill : 52286 | SubRun number :10 | Time : Mon 2010-06-14 02:41:00 JST [Trigger: Beam Spill
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Summary

“Type of neutrino detectors depend on target, event
rate, and interaction type and cost
4 “main” techniques

¢cradiochemical (low threshold but no direction or
timing information - sub-MeV neutrinos)

ewater cerenkov (high threshold, cheap target mass,

direction and timing but only low multiplicity events -
100 MeV up to a few GeV)

escintillator (no threshold but no directionality unless
enhanced by water cerenkov - few MeV)

¢tracking calorimeters (high energy events - full
reconstruction of events - 1 GeV and up)
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