


Neutrinos and particle detectors

Jeff Nelson

8/6/18 Nelson, Neutrinos



Outline

e Particle physics overview
> Forces, particles
> Accelerators
> Particle detectors
e Neutrinos & Neutrino Oscillations

e Neutrino experiments
> Beams
> Detectors
> Data

e W&M HEP group

8/6/18 Nelson, Neutrinos



Sizes: Lets go smaller first

1mm
(125" of Dew Drop
an inch)

e

or Water
. J— Molecule
0.0000001 mm Hydrogen
or Atom
107 mm / '}...,\
0.000000000001 mm Quarks and
or Gluons in
10”¢ mm Proton
Quark
less than

0.000000000000001 mm

or
8/6/18 10" mm




A

The 4 fundamental forces

WiLLiam & MAry

1. Gravity
> Itis the primary physics of objects in the Universe
> |Is created by mass
> Always attractive
> The weakest force

2. Electromagnetic force
Electricity and magnetism are part of the same force
It is created by electric charge

Can be attractive or repulsive (opposites attract !!!)

Responsible for holding electrons to atoms, chemical bonds, and
the sizes of objects

vV V V V

> The 2"d strongest force
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The 4 fundamental forces

WiLLiam & Mary

3. Strong nuclear force
> Binds the quarks into protons and neutrons

> Also for holding protons and neutrons into nuclei

e Must be a lot stronger than E&M since it easily overcomes the
electric repulsion and binds more strongly

e Nuclei are much smaller than atoms
> Cancels out over distances larger than a proton or nucleus
> The strongest force

4. The weak force

> Only seen in some types radioactive decay, Solar fusion, and in
the earliest times at the beginning of the Universe

> Only force that can change a particle’s type
e e.g. decay of a neutron to a proton

> 2M weakest force
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e |n modern physics we
do not think of a force
at a distance

e We think of it as the W
exchange of particles /e awe v

> Photon for E&M reneen auare petween nucleons

Strong Interaction

Electromagnetic

> Gluon for the strong force
> W/Z particles for the weak force
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1hree Generations of Matter
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Making high energy beams of particle
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Some High-Energy
Accelerator Facilities
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Particle Accelerators

WILLIAM & MARY

}

he LHC injection complex

LHC7TeV p-p

LEP 100 GeV e*-¢”

CERN — Large Hadron Collider

7+7 TeV proton-proton accelerator

Positrons Booster (1.4 GeV)

EP EPA

Electrons

8/6/18 LIL e*e” LINACS

lIon Accumulator
(LEAR)

Protons lons

50 MeV LINACS CERN AC - HF 208



Fermilab
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WiLLiam & MAry

e Energy
increased in
steps kinda like
a transmission

8/6/18

Fermilab’s Accelerator Complex
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Detecting particles
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CMS Detector

Pixels
Tracker
ECAL
HCAL
Solenoid

Muons

hYj Fl RETURN YOKE

Total weight
Overall diameter
Overall length
ET R
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SILICON IRl(I\I-R

Pixels (100 x [
‘h.inn-,ls
I‘.'bc"n‘:strluﬁ (80-180um)

( ~89 6M channels

SUPERCONDUCTING

SOLENOID

Niobwm-titanium cosl

carrying ~18000 A

: 14000 tonnes
:15.0m
:28.7m
:38T

HADRON CALORIMETER (HCAL)
Brass + plastc scintillator
~/k channels
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(R} STAL ELECTROMAGNETIC
ALORIMETER (ECAL)
~ "hb scintillating PbWO, crystals

PRESHOWER
Silicon strips
~16m* ~137k channels

FORWARD
CALORIMETER
Sleel + quanz fibres
~2k channels

MUON CHAMBERS

Barrel
Endcaps.

rift Tuba & 480 Resistive P

athode Stnp & 432 Resistive Plate Chambers
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Experimental Goals

WiLLIAM & MARY

e We'd like to get the four vectors for each of the particles
in the final states of an interaction
> Mass & momentum
> Requires at least two measurements of the particle
> Some of them need to be “non-destructive”

e Complications due to _ Mass
> Most particles decay before they Fatice (MeV/c?)
can be detected p 038.27
e Most common things to try to actually detect = n 039.57
> Background from other interactions n 139.57
> Ambiguities " 134.96
> Not all particles are created equal: e’ 0.511
some are harder to detect than others! TN 105.7
K" 493.7
K" 497.7
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E.Nappi

A Look at the Past INFN-Bari

70's: Hydrogen bubble

chamber
I v 1978: BEBC
_~ ._'_\].f’-‘.'“‘-
P
4 \\1‘_:
. ol | =
First Instrumentation Sclielsbh dduthirpsit the ICFA ICFA

Instrumentation Center in Morelia, Mexico



Bubble chambers

WiILLIAM & MARY

e Make a superheated liquefied gas & putitina
magnetic field

> Near boiling point & a large piston to put it past

e Particles would dump energy into the liquid and
make bubbles

e Literally take a picture
> Make measurements on the printed photos

> Very precise Camers
> Very labor intensive — fleets of scanners -

e Particle identification possible o TN E
> Decay modes Sl || hdete] [ |8
. . O O
> Lifetimes Particles O 8
> Some particle identification 08 o
. O M1 0O
e More on this later oI 19
0 1|0
O O

Magnetic field
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A track in a magnetic field gives us the
momentum and the charge

8/6/18

r=0.3Bp where r[m], B [T], p [GeV/c]
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Modern world

e Use a gas, liquid, or solid and look for
electrons kicked out of the gas by charged
particles

e Electronic readout
> Much faster rates
> Automated analysis and reconstruction
> Mostly lower resolution
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An event display from a detector (CLEO?2)
electron-positron collision (5+5 GeV)

i
R
Tt Lk

limi
i
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Particle Identification @

WiLLiAM & MARY

e Need something in addition to momentum

e Mass is good...
> Electrons knocked off of atoms by high speed charged particle
e Rate of ionization (dE/dx) is a function of velocity
> Time of flight
e velocity vs momentum to get mass
> Cherenkov radiation
e Threshold and ring size depend on velocity
> A few others later
e Radiation damage in a solid
e Penetrating power
e Transition radiation
e Decay kinematics
e Distribution of deposited energy
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Examples

WiLLIAM & MARY
Time of flight
Time resolution at the PMT face lonization (d E /dX) in ga
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Other options for tracking

WiLLiam & MARry

Slow-drift time projection chamber

Y (cathode #)
e Time projection chamber I Drift Tube i it
> Use long drifts to measure 3™ MUV 0 Lz atime)
dimension with time of electron drift s, \/ ‘~ _
> Slower & less readout channels Ly RN T
e |onization in a solid '__-l'J
. , .o \__/_\Q
> Use silicon to do the same thing W Comigated
> Can use typically 10 um side strips z il
Or pIXE|S }H \—Bandolier
e Very low gain ~3000 electrons because e W
we do not have the gas gain Honeycomb lattice
are . . . geometry
> Many millions of pixels in typical [
Ml Wi
modern detectors b A d//;/ %
e Molecular damage 7
> Photo plates g il 0
> Acid etch LA it

4.3 ton Module

RN

Total mass: 963 tons
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Soudon2 Date Soudong Dota
Top View o197 181405 88 Top View 12V 1698 195707 38
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FIG. 1. Two neutrino interactions in Soudan 2. The event on the left is a quasielastic », interaction producing a proton and an electron.

The electron travels about one radiation length before showering. The proton is easily recognizable by its heavy ionization (large symbols)
and its lack of Coulomb scattering. The event on the right has a long noninteracting muon track, which shows typical Coulomb scattering,

and a hadronic shower at the vertex. The shower contains a charged pion and at least two electromagnetic showers.



Cerenkov Rings in SuperK

e Note fuzzy vs clear outer edge

Su F er-Kamio kande

4048 total p.e.
p =689 MeV/c

4109 total p.e.
p = 480 MeV/e

Rewidins)

o 7 o
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Scintillation

M-64 PMT
PMT Box

W -.,“t’”,f('iz' ‘*EH,{";LI fiber il .,. T '.,“-_[15;.:'

Clear fiber

Moving Bumped

charged particle Electron Electric
— Energy level 2 Photomultiplier Tube Pulse
To ek=tronks
plastic Energy level 1 1 photon = 106 e
scintillator
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ol A small experiment:
““’the MINERVA test beam experimen
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WILLIAM & MARY

A small experiment: _
“"the MINERVA test beam experiment
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WiLLiam & MAry

The neutrino story
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The Missing Energy Problem

@

WiLLIAM & MARY

e |solated neutrons have a 13min half life

> They were observed to decay to a proton and an
electron

Energy

PY The problem Distribution

> They should have been back
to back and mono-energetic if
it was a two-body decay

> A continuous spectrum was
observed

Relative number
of electrons

0.782 MeV

Electron kinetic energy (MeV)
> When adding up the momenta
of the observed decay N
products, energy was missing

o .
Missing

Ny
;’; |:> Energy
& ’
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‘I have hit upon a desperate remedy...”

WiLLIAM & MARY
[ < —
L P ¥ L ]
. Absohrift/15.12.56 ™
e Pauli proposes that | s -
GauverainaTagupg su Tibingen.
Abmohrift
Physikelisdies Instlint
dar Eidg, Technischen Hochacmle Birdch, le Des. 1930
rich Uloriastrance
Tiebe Redicaktiive Damen und Herren,
Win dar Usbarbringer dissar Zeilan, d.m ich mldvollst
mnsuhbren bitte, Ihnan dess nih t wird, bin ioh
> N eW sngeolohts der *falachen® Statlatik dor A wnd Li-6 Eerne, sole
des kontimierlichen
varfallen ue dep "Weohs
w retten, Nimlich dis
ben, e iah Heut December 4, 1930
velehs dm Spin 1/2 hab
> ‘ h a r e I e S S oy 'ztuﬂuml ton Dear Radioactive Ladies and Gentlemen,
’ ou cersalben Orfod
mﬁi“mm As the bearer of these lines, to whom I graciously ask you to
*M:t: domn 514 listen, will explain to you in more detail, how because of the “wrong”
whrd, derart, dass de 5 statistics of the N and Li6 nuclei and the continuous beta spectrum,
> a s S e S S konstent lat. I have hit upon a desperate remedy to save the "exchange theorem”
7 of statistics and the law of conservation of energy. Namely, the
possibility that there could exist in the nuclei electrically neutral
- - particles, that I wish to call neutrons™, which have spin 1/2 and obey
> the exclusion principle and which further differ from light quanta
y | in that they do not travel with the velocity of light. The mass of
the neutrons should be of the same order of magnitude as the
electron mass and in any event not larger than 0.01 proton masses.
° . The continuous beta spectrum would then become understandable
by the assumption that in beta decay a neutron is emitted along with
a r C e I S a S 0 the electron such that the sum of energies of neutron and electron
is constant.
. I admit that my remedy could seem improbable because one
should have seen those neutrons much earlier if they really exist.
But only the one who dares can win and the difficult situation, due
to the continuous structure of the beta spectrum, is lighted by a
remark of my honored predecessor, Mr. Debye, who told me recently
° in Bruxelles: "Oh, it's best therefore, not to think about this at
.. all, like new taxes”. Therefore, every solution to the issue must be
N | rd MISSlng discussed seriously. Thus, dear radicactive people, examine and judge.
— @ — :> Energy Unfortunately, I cannot appear in Tiibingen personally since I am
/ 1 N indispensable here in Zurich because of a ball on the night from 6 to 7
3 of December. With my best regards to you, and also to Mr. Back.
Your humble servant,
W. Pauli * Pauli originally called the new particle the
- neutron. Later, Fermi renamed it the neutrino.
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" Their original experimental concept @

—

Nuclear

/ \\ explosive
/ ‘,l/ Fireball

\ |

Buried signal line
30m for triggering release
i < 40 m \

Back fill - Vacuum
pump
Suspended —-E'J ‘
detector Vacuum
line
Vacuum ——-
tank [ Feathers and

foam rubber

Figure 1. Detecting Neutrinos from a Nuclear Explosion
Antineutrinos from the fireball of a nuclear device would impinge on a liquid scintilla-
tion detector suspended in the hole dug below ground at a distance of about
40 meters from the 30-meter-high tower. In the original scheme of Reines and Cowan,
the antineutrinos would induce inverse beta decay, and the detector would record

8 /5 /18 the positrons produced in that process. This figure was redrawn courtesy of Smithsonian

Institution.
34



Later they were seen

WiLLiam & MAry

e |nthe 1930 nuclear reactors were not in the forefront of
people minds ,

e Asthey came to being,
people tried to see the
reactor’s neutrinos in
scintillator counters

e |n 1956, Frederick
Reines and Clyde Cowan
report the first evidence
for neutrinos
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' Neutrino mass from the end-point method

WiLLIAM & MARY

Observed
Spectrum

Expected
Energy

Number of Electrons

Energy

Dashed
Massless

Magenta
Massive
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Neutrinos

e Little or no mass

> Cosmology & direct
evidence say M, < leV

> The most numerous particle of matter in the universe

> Energy density of Big Bang neutrinos is comparable to all matter
in the Universe

> Produced in radioactive decays, nuclear reactions, the Sun, &
supernova explosions

e Onlyinteract using the weak nuclear force
> This doesn’t happen very often
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Neutrino experiments:
exercises in forensics

A

e We cannot see the e \We take the final state
neutrino particles and infer the
e We only know they energy and type of the
are there by looking Incoming neutrino
for the results of their > Forensics
interactions e Can also the “missing

energy” technique to
infer a neutrino was
produced

8/6/18 Nelson, Neutrinos
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2-Flavor
Oscillation Formalism

WiLLIAM & MARY

B

e What if there 2 neutrino basis (weak force & mass)?

|Vl> = EUH Vi>
The probability that a neutrino (e.g. v, ) will look like another variety (e.g.
v.) will be

P(v, = v, t) = [<v v, (t)>]?

e A 2-component unitary admixture characterized by 0 results in
P(v, = v,) = sin“20 sin*(1.27 Am? L/E)
e Experimental parameters

L (distance from source to detection, km)

E (particle energy, GeV) AMZ = 0.003 eV2 L = 735 km

1.0
Oscillation (physics) parameters wv\
sin?20 (mixing angle) 0.0l L

0.1 2 3 4 5 6 7 8 9 10
Am?2=m_2-m 2 (mass squared difference, eV?
T u ( q ! ) E(GeV)

8/6/18 Nelson, Neutrinos
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The MINOS Experiment

Send neutrinos 735 km
from Fermilab to Soudan

> There’s no tunnel — just solid rock

> Their journey takes only 0.0024 sec

2 neutrino detectors

IL > A small detector at Fermilab

(“near detector”)

> A large detector at Soudan

(“far detector”)

i | ' . "l i . iR
. = £ P " W t: >
-~ h I ! 3
4, - 1 ¥
Y7 f 1 L i
i '] L
11 5 | iR -
s B L i £ [rs
. ad
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" - b & } - .
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A Neutrino Interaction -
Z
(“An Event”) A

Run :31464_2 Snarl : 40136 EventType : Beam Neutrino Candidate

/ Bt B-00

3 PP ) P !
|
|

_,.
!
|

2

|

1

(o]

Resulting muon
bending in the
magnetic field

Debris from
) struck nucleus

-0 -0

uuiiiiilE
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Neutrino Data Analysis ﬁ

WiLLIAM & MARY

AT

e \We run with a muon neutrino beam

> Look for muons & measure their momentum
e From curvature of the muons in the magnetic field or range

> Look at energy recoiling form the struck nucleon
> Compute the total energy & plot the energy spectrum

e QOscillations result in...
> Spectral differences between

v, spec rum

||a b & SOUdagaectral ratio

. .y @ 14,
> Dip position & depth - Monte | % Monte
. . . 2300 Carlo 3 1'2.' Carlo
give us the oscillation w Unoscillgted 8 4F............oommmmmnn
arameters g gl
P . 200 Oscillated! %u.a+ +++HHH
> Goal is few percent goer 4t
measurement hl Tod T oo ov:
002 4 6 8 10 00 2 4 é § 10
Visible energy (GeV) Visible energy (G&I)
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MINQOS long-baseline
neutrino oscillation results

l —— MINOS‘Far Dletecto:' Data| i E l | B
——— Prediction, No Oscillations 1 E Low Energy Beam, v,-mode ]
Prediction, Am?=2.41x10° eV? - e 3 il
Uncertainty (oscillated) — 5 1 [l e Sl d
[_] Backgrounds (oscillated) E © i MINOS PRELIMINARY il
4 3 1.5 .
Low Energy Beam, v,-mode A O £ + 1
10.71x10%° POT i o jl H' _+_j
. 7 -L Bfad
MINOS PRELIMINARY 1 3 1 + “ I -
oIRGB I -
1 F£05 .
I 3 —4— MINOS Far Detector Data 4
‘ | | i E Prediction, Am?=2.41x10° eV? ]
ewfil | e il n A g e e ] e T ] |
5 OS2 03050 0 9 10 15 =20 &8l
Reconstructed v, Energy (GeV) Reconstructed v, Energy (GeV)
Category Observed | Predicted (w/o oscillations)
Beam neutrinos 6028 7074
Atmospheric neutrinos 2072 2397
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. MINOS beam & atmospheric |
eutrinos & antineutrinos combined in a fi

600 25 ———————————————
V Neutrino mode . v Neutrino mode 'V Antineutrino mode
< 5001 "H 10.71x 10°° POT 1 =20 M 1071x10° POT 4 >cof M 3.36 x 10 POT
(o)) C 1 O [ d i ]
O 400F —e— MINOS data 1 Oyst 10
& 300F —— No oscillations 1 & | 1 &40l 7
T g —— Best fit oscillations 1 € 10} 1 |
g 200 1 g} . g |
(Ll - 1 W sf 1 w20 ]
100} 1 3 :
0 2 4 6 8 10 15 20 30 50 0 5 10 15 20 30 50 0 2 4 6 8 10 30 50
Reconstructed Energy (GeV) Reconstructed Energy (GeV) Reconstructed Energy (GeV)
50 Atmos. contained-vertex v 20 | Atmos. v-induced rock-u | 5q[Atmos. contained-vertex v| 29| Atmos. v-induced rock-
:Vu 37.9 kton-years : :VIJ : V 20 :_Vu ;
c 40} - 1< 15¢ g
) 1o °f
> | >
LLI 11 ]

N
o
—_
!
-
o
T
+

(=)

. g MR o e i .- 0 i. | .* e o P i .i 0 : ke SRR " MR i .- i. l .+ + R o TR " .j
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
log, ( LIkm] / E[GeV] ) log, ( LIkm] / E [GeV] ) log, ( Likm] / E[GeV] ) log, ( LIkm] / E [GeV] )
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Neutrinos

* We need to estimate the energy
of the incoming neutrino

> Different from the “visible” V
energy seen in the detector
* Neutrino oscillation experiments
use high Z nuclei as targets (e.g. Fe)

> This affects the visible energy ...

> Number of final state particles
 We are not sensitive to their rest masses

> Intra-nuclear absorption and scattering
> Motion of struck nucleon within nucleus

8/6/18 Nelson, Neutrinos



Neutrino-Nucleon Cross Section i!

cross section = probability of interaction

MINOS region =~ " e Little is known about the
i emeeees ottt region being looked at it
(1-10 GeV)

Total

e MINERVA will give us
10-1000 times the statistics
as other experiments
(largely from the '70s)

e Types of interactions

& CCFRR (36)

© CDHSW (37) . .
m Gl — SPS (38) > Quasielastic
O BEBC (38)
# WP (40) “+p*
A CRs(41) VH+n 9 u +p
A SKAT (42) . .
& ANL(43) > Single Pion / Resonance
v ﬁl.'f(ﬂ)( )
& GGM—Ps (45 + - - +
°:3’T"§3,m VN 2 AT 2 p+tt+n
. -1n . ;
g O > Deep Inelastic Scattering
LTI e . .
2 (many final state particles)

1 0
Energy (GeV) Nelson, Neutrieaewn



MINERVA detector
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MINERVA Experiment

WiLLiam & MAry

e Study neutrino nucleus interactions in detail
> Range of nuclear targets
e Will increase the precision of MINOS data by reducing systematic errors
on the Am? measurement
> No steel so we can see the details

* Pleased in front of the MINOS Near Detector

=
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NOVA — the near future

e Two detector, long-baseline

oscillation experiment

e Off-axis neutrinos from NuMI beam
e Physics goals:

> Search for electron neutrino
appearance (with both neutrinos and
antineutrinos)

> Precision studies of muon neutrino
disappearance

Missouri

Nelson, Neutrinos
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