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RECALL: NEUTRINO ECONOMICS

e The ability to precisely study neutrino interactions depends heavily on statistics

° j.e. how many neutrino interactions you observe

N =@x@xVxnx£

* N = number of neutrino interactions
Lecture 1: how do we produce large

o — . . 2 . o
@ = flux of neutrinos (neutrinos/cm?) | | ber of neutrinos with accelerators

* |0 = neutrino interaction cross section on target (e.g. electron, nucleon, nucleus) | Thanks, Minerbal!

e |\ = volume of detector (cm3)
Lecture 2: How do we make massive detectors

* |n = number of density of targets o o ) Thanks, David!
that can efficiently detect neutrino interactions

* |g = detection efficiency



LECTURE 2:
DETECTORS FOR ACCELERATOR-BASED
NEUTRINO EXPERIMENTS



WHAT DO WE WANT FROM A DETECTOR:

* We need to have “enough” neutrino interactions
e sufficient mass, especially for long baseline experiments!
* Looking at neutrino oscillations = tlavour change of neutrinos that depend on energy and baseline

° we want to be able to identify the neutrino flavour and energy

* |epton identification (e, u, 7), energy reconstruction

* Relevant performance metrics:

e Efficiency and purity: for a sample of v charged current interactions identitied by the detector

° separate vk # v charged current interactions
* separate neutral current interactions
* Resolution on neutrino energy: two strategies
e calorimetric: add up energy of all final state particles
* issues: threshold, resolution, particle identitication, modelling

e kinematic: it underlying interaction mechanism is known, infer with subset of particles (e.g. lepton)

° issues: purity in selecting targeted interaction mechanism, modelling

* Practically, containment is an important consideration for both strategies

A
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* Neutrinos interact with anything!
e water, cleaning fluid, mineral oil
e |Lakes, oceans, antarctic ice

e Steel from decommissioned
battleships

e Roman lead, Marble
e QOtherideas
* the moon

e corn flakes

e Detecting the interaction is the next
step



FOCUS ON THREE TECHONOLOGIES

* ACT 1: WATER CHERENKOV DETECTOR
e ACT 2: SCINTILLATING TRACKER DETECTOR
 ACT 3: LIQUID ARGON TIME PROJECTION CHAMBER
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ACT 1: WATER CHERENKOV DETECTORS




CHERENKOV RADIATION

v=0 X ¢, v=0.2 x ¢, v=0.8 x ¢, v=1.2 X C,

e Charged particle passing through a dielectric medium (n > 1) induces a EM disturbance that
propagates at speed c,=c/n

* |t v >c,, the disturbance piles up

* electromagnetic “shock wave” emitted with angle ¢

C 1
COS@C:E:%

» This is Cherenkov (C) radiation



SHOCK WAVES

courtesy findagrave.com SIN (v =

* Analogous to other (mechanical) systems where
a disturbance exceeds the propagation velocity

° e.g. “sonic boom” from supersonic object


http://findagrave.com

CHERENKOV RADIATION

e Considerations of “spatial singularity”:

* k= wavenumber, so that p=hk

* lightis emitted “flat” in k

:2—7T dk:—2—7rd)\

k
A A2

e wavelength spectrum is 1/A2

e Frank-Tamm Equation

d*N az® |,
= —~ sin®f¢c ~ 370sin” fc eV tem !
dE dx ~ hc N ¢
e Forwater, n ~1.34, sin26- = 0.44
o “~160 photons per cm traversed by B=1 particle in 1 eV interval of photon energy”

e ~250 photons emitted/cm in the visible light region

e "Collapse” ot C cone: as v~c, (threshold), 0c and sin26c goes to zero
10



WATER CHERENKOV DETECTORS:

* Large tank of water surrounded by photosensors

e Cherenkov light produced by particles in water are detected on wall

e Examples:

e |MB, Kamiokande, SNO, K2K 1 kT, Super-Kamiokande . .. ..
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CHALLENGES: §

* The Super-Kamiokande active region

e cylinder ~34 m in diameter, 3/ m high % S — |

* nearly 6000 m2 of surface area 3 & ‘ ; R
* Fora ~500 MeV muon " P
e ~200 cm of path length
* 50,000 photons produced

* typical efficiency for detection is 10%

e 5000 photons detectable on the wall

e provide kinematic/vertex reconstruction

e particle identification.

> 20" PMT developed by Hamamatsu






PMT IMPLOSION

courtesy: smartereveryday
. "s : L
a5 .

f‘.’

* cooled molten glass is extraordinarily strong
° enormous stresses are pent up from the cooling process

* Implosion of single PMT under enormous pressures from
deep underwater deployment release shockwave in water

* induces implosion of adjacent PMTs

o chain reaction destroys all PMTs in water
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* 11200 20" PMTs deployed in
inner detector

* 40% coverage of detector
surface

* Successtul operation over
20 years!

* solar neutrinos,
atmospheric neutrinos,

2K
neutrino astrophysics, etc.

beam neutrinos (K2K,



RING TOPOLOGIES

e Other processes as charged particles passes through media

Proton with « delta ray »

* |onization loss: steady energy transfer by ionizing atoms. s . | (electrons)

e Bremsstrahlung:

* high energy photon emission from acceleration in field of atomic nucleus
* Photon can then Compton scatter, pair produce, inducing cascade
e "Electromagnetic shower”
» C Ring can tell us:

* position/direction/energy of the particle “track reconstruction”

* identity the particle as non-showering (u, i, p) vs. e/y




UPER-KAMIOKANDE IN ACTION
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* \Vertex resolution ~20 cm, angle ~tew degrees

PERFORMANCE

For low multiplicity (1-2 rings)

Historically, focused on 1 ring topologies

<1%

few % misidentification of 0 = e

overlapping rings pose reconstruction challenge

recent progress in multi-ring reconstruction

Notes:

particles below C threshold can’t be directly

misidentification of e<>

detected. For water:

e/u identitication at SK

leo
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VARIATIONS o

90
MiniBooNE Detector = 80 Cherenkov (Gd): e.g. SK, SNO,
= WATCHMAN-I, HK
& 70
s 60 - \
S 50 Woater-based Liquid Scintillator
! Water-LikeWbLS  Oil-Like WbLS
S SUBR . Cher/Scin det. « lsotope loading
o 30
v
: . ——
k= 20 - | i
Lﬁ Scintillator: e.g Daya Bay,
10 - D-Chooz, RENO, JUNO
O T T T T I J T' J |
100 1000 10000
Photon/MeV e

M.Yeh 2

B: Cherenkov, R: Scintillation

o Cherenkov + Scintillation medium

 mineral oil, water-based liquid scintillator

* Photosensor technology/techniques

* Large Area Picosecond Photon Detectors

e Modular arrays of 3” PMTs



ACT 2: SCINTILLATING TRACKER DETECTORS

20



PRINCIPLE:

e Many hydrocarbons and organic compounds scintillate or
fluoresce

e your fingernail (keratin) under UV light

* polystyrene

* mineral oil Catherine Willows: Okay, so... knives, screwdrivers, ice
* .many organic solvents pick, letter opener. We're looking for a weapon with a splash

of mineral oil. I'll grab the ALS.

. . AT
A charged particle can be detected by the scintillation Greg Sanders: An ALS. For mineral oil?

induced by its ionization throuah the material
y J Gil Grissom: Mineral oil fluoresces at 525 nanometers

e By segmenting, the particle can be localized when filtered through a kv590. A little more absorbing... a

, , little less rock and roll.
* QOptical issues:

e scintillating material may not transmit light efficiently

* wavelength of emission may not match photosensor sensitivity

* solution: wavelength shifting fiber

e Channel issues:

e

* |arge number of channels from the segmentation (expensive, large?)

o solution2:1cheap ohotosensors (SiPM, multimode PMTs)


https://www.imdb.com/name/nm0001339/?ref_=tt_trv_qu
https://www.imdb.com/name/nm0844172/?ref_=tt_trv_qu
https://www.imdb.com/name/nm0676973/?ref_=tt_trv_qu

Wichh = 0,264

E X A M P LES:

YWidth = 0.264 Width = [ 264

P
- -

L=155m

\ 5
> Y from fop = 4 832( 7
I‘ /
\ x 5.6 cm Radis = 0 524

X from left = 4 785
To one f
3.5
APD pixel \ \ cm
Typical charged particle path
=U.c

Scintillation Light Wavelength-shifting
Fiber Loop

7

N

NOVA liquid scintillator cells _ o
* (4x6cm2 x15.6 m-long, 16 cell extruded PVC modules T2K ND280 Near Detectors

* pseudocumene/mineral oil scintillator e Extruded polystyrene bars coated with TiO,
* long fiber looped through cell coupled to APD * 1x1x200cm3 extruded polystyrene bars coated with TiO»
e 13,000 km of fiber for detector! ° “triangular bars
e 344,000 cells in total * Bars are threaded with a wavelength shifting fiber coupled to SiPM

° 15x15x 60 m3 overall size 29



UA1 Magnet Yoke

e Scintillator can be combined with other materials and detector technology
e Left: MINOS Iron/Scintillator tracking detector

e scintillator is light, so we want more mass — add iron plates as extra (passive) target mass

* works well for high energy (several GeV) neutrino energies

e Right: T2K ND280 detector

e scintillator is the (active) target mass! one detector (FGD2) also intersperses water with scintillator

e complemented by gaseous time projection chambersz(gvith very little mass)



TECHNOLOGY:

e Multi-anode photomultiplier

e PMT with one photocathode, but multiple anodes
* readout as one unit

* allows multiplexed readout of many fibres, but need strategy to demultiplex

e all the nice properties of PMTs (high gain, relatively low noise, linearity)

Reduction in cost/channel from O($1023) to O($10")

e Silicon photomultiplier
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* Array of several hundred pixels operated in avalanche mode
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* high photodetection efficiency, but lower gain than PMT

TR U S D SRR WP TH AP WS B W
- T D ST ™ e

°* more noise, but dramatic recent improvements!
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* intrinsic non-linearity due to pixel counting

* j.e. multiple photons on single pixel has same response as single photon

° also after pulsing and cross talk across channels (greatly improved!)

24



EVENTS:

NOVA -

14 meters

slejow ¢

Top view

Side view
R{[0[0] 3500 4000

#
Beam direction

Color denotes
deposited charge

m

FNAL E929

Run: 18620/ 13
Event: 178402 / —

UTCFrJan9,2015
00:13:53.087341608

Hw _

23.4 223.6 223.8 224
t (usec)

NOVA v, CC event

muon easily identitied as long track

fine granularity on hadron shower, including
resolution of individual tracks

timing allows large reduction of cosmic
background at surface far detector

25
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o T2K ND280 tracker

e momentum and particle identification primarily

in the time projection chambers (TPCs)

e scintillator tracker proves precise tracking at
vertex, matching to tracks in the TPC



PERFORMANCE:

 Some performance depends on granularity
* thresholds, vertex, etc.

e granularity << Xg achieves excellent particle
identification

e Others (may) depend on containment of the event
 muon fully ranges out in the detector?
e hadronic/electromagnetic shower contained?

e recover unconfined particles with another detector?

e Complications:

e geometry has an "“axis”
o difficult to reconstruct at wide angles to the sampling
e fewer hits, more distance between hits
e worse at low energies—more isotropic
° segmentation usually results in dead material
e non-active material to isolate scintillator
e reduces efficiency

e detailed accounting needed for shower reconstruction

26
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ORIGI

e (C. Rubbia (1977):

NS

* bubble chambers give exquisite detail about events

allows searches for unexpected processes and topologies

e "single event” discoveries

e Can we fing

a different way to achieve similar resolution

with a simp
massive sca

er technology that can be realized on a
le for neutrino experiments?

28

THE LIQUID-ARGON TIME PROJECTION CHAMBER:

A NEW CONCEPT FOR NEUTRINO DETECTORS

C. Rubbia

ABSTRACT

It appears possible to realize a Liquid-Argon Time Projection
Chamber (LAPC) which gives an ultimate volume sensitivity of 1 mm® and
a drift length as long as 30 cm. Purity of the argon is the main tech-
nological problem. Preliminary investigations seem to indicate that
this would be feasible with simple techniques. In this case a multi-

hundred-ton neutrino detector with good vertex detection capabilities

could be realized.

GENEVA

1977



WHY LIQUID ARGON?

2, LIQUID ARGON AS A NEUTRINO TARGET

There are several reasons why pure liquid argon can be considered as an almost
Energetic charged

| ideal target material for the LAPC:
particle

i) it is dense (1.4 g/em®);

i1) it does not attach electrons and hence it permits long drift-times;
~1ii) it has a high electron mobility;

iv}) 1t is cheap, 140-500 dollars/ton, depending on source and quality;

v) it is easy to obtain and to purify -- many of the organic impurities are
frozen out from its liquid form;

i Drift

vi) 1t 1is inert and it can be liquefied with liquid nitrogen.
electrons o

—
Electric Field A possible drawback is that some modest cryogenic equipment is required in
order to maintain 1it.
* The time projection chamber: *  Medium requirements:
» Charged particle leaves a trail of ionization * mobility: the electrons dritt in the electric field

o J|ifetime: i.e. the electrons survive the drift and don't

* electrons “drifted” to readout plane by electric tielo | M
recombine or attach to atoms in its path

* the pattern of ionization parallel to the plane will o
e diffusion: the electrons should not spread out too much

map directly onto the readout
P ) as they drift, else they obscure the track

e the drift time provides the coordinate perpendicular

e density: the medium can serve as the target for neutrino
to the plane

144

interactions and track outgoing particles “immediately
29



READOUT AND IMAGING:

wire-based readout:

* charge collection by wire plane gives 2 dimensional

Liquid Argon TPC

Charged Particles

'y rd . )
/
-~

A — e - a—d —— ‘\ N -
“ Qo U asuau. »nu AnNRNY LSS N ™S \

— e N
B S T S e ST N
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Sense Wires
Uu Vv Y
71 A ¢
I A

£ L‘ ':',{:.j ‘; )

l‘ } 44 =

1:‘/5.3“; 111 +

ANV AR

AN VIAAA
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f‘v{f"_;"; 411 /1

A W,r V-

LA /1/ )|

e

L‘~,l:. A T

A7 }

Y wire plane waveforms

projection of the charge pattern

V wire plane waveforms

* axis in the plane perpendicular to the wires

e axis perpendicular to the plane (from drift time)

Two detection modes:

e induction: detect induced current on wires as electrons
pass through wire plane

* “non-destructive”: additional wire planes can detect
electrons afterwards

e complicated bipolar signal

* collection: collect electrons and detect charge

e “destructive” (i.e. you can only collect oncel)

* wire planes oriented in different directions
 getseparate 2 dimensional projections

e combine to obtain 3 dimensional representation

Alternative: 2D pixel readout (native 3d image)

Drift parameters:

*\elocity: 2D1, T

Vd ~1600 m/s B
e Transverse diffusion: Dt ~13 cm?/s 0= Vg

| ongitudinal diffusion: D. ~ 5cm?/s



OPTICAL SIGNAL:

e Ligquid Argon is a very good scintillator:
e ~24,000 photons/MeV of deposited energy
e 128 nm

* 1.6 ns and 6 ns lifetime components

 Wavelength shifter needed to bring light into

wavelength detectable by conventiona
photosensors (e.g. PMT)

140 35
--- Argon emission spectrum (arb) specification (% .
- TP% emission speitrum (arb) — Eggi;-ﬁgDpQEfas ;uppfiégj (%) ¢ Ab OVG .
120 — Pure TPB VUV absorption efficiency (%) 30 — Plate emission spectrum (transmission, arb)
100 | = R5912.02 w. piatinum cnderimyer GE () || 25 * muon/decay electron candidate
W, . .
" 7 20 in MicroBooNE
0 ) " * Provides important “fast”
10 . .
.0 complementary information
5
20 G * Localization to match scintillation and
N ; . ] ionization signals
100 200 300 400 500 600 700 800 200 300 400 500 600 700 800

Emission wavelength / nm
Wavelength / nm °
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LAR-TPC DETECTORS:

N

| |
W
.}‘

|
11 * i
. minm i /’V"r”/’J”r”‘/‘/:/:‘/%;::"“‘ / 1
L S
S 1
Q] il ),

'
5
"
5 .

Particles
emerging
from
collision

Array of
high-voltage
wires

Tme

projection
chamber

 Quest for ever larger detectors . .. ..
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CAPABILITIES OF LAR-TPCS

uBooNE uBooNE

Beam direction Interaction

Run 3493 Event 41075, October 237, 2015 Run 1149 Event 158. August 6" 2015 17:52

* Detailed and precise tracking information to relatively low thresholds

* allows precise vertexing

° matching/separation of distinct objects (e.g. cosmic ray overlaid on neutrino interaction)
* Topological information such as showering

* track, electromagnetic shower, hadronic shower separation

e delta rays from tracks

* |onization pattern, such as Bragg peak from stopping tggck



SIGNAL PROCESSING

U Plane

x-Axis (cm)
=2

T
LN
T

1.2_ ..... A HHE A HE L E - S L - _

208 06 04 02 0

02 04 06 08
z-Axis (cm)

Many complicated effects!

Drift of electron is distorted by wires

Induction signal from a single electron is
observed over many wires

“space charge” buildup distorts drift
Noise from electronics, etc.

signal processing necessary to recover
“undistorted” image.
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PERFORMANCE:

Reconstruction of
ptptm

Fine sampling allows tracking to very low thresholds

Powertul e/y separation possibility

< 100 MeV/c tfor m/p
~200 MeV/c for protons

detailed resolution of multiple track systems

ionization at the start of the shower

separation from vertex

Reconstruction Efficiency
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Still many challenges and opportunities

shower reconstruction

momentum reconstruction by multiple scattering

machine learning techniques to sort/structure

tremendous amount of information

Reconstruction of
ptptal
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Reconstruction Efficiency
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Water Cherenkov detectors ana
LArTPCs explained in four
This and more on particle physics

~

at higastan.com
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CONCLUSION:

* We need massive detectors to study neutrino detectors in detail

* "massive” has evolved over time . . . by the turn of the millenia, multi-kiloton detectors are already in operation

* technologies vary in what they can tell us about neutrino interactions

* Three technologies are dominant in current accelerator-based detectors
* Water cherenkov detectors
e Scintillating tracking detectors

e Liquid argon time projection chambers

* Personally, | am amazed that we can build neutrino detectors with such basic ingredients

e water, plastic, argon
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DIVERSION

e All the detector technologies discussed rely (primarily) on neutrinos interaction on nuclei
e Water Cherenkov: 1O and H
e Scintillator: 2C and "H (and other stuff)
e LArTPC: 3Ar

e \We need to understand neutrino interactions on nuclei

e Particle physics bias/ignorance:
* nuclei are collections of protons and nucleons

e we can understand neutrino-nucleus interactions by understanding neutrino-nucleon interactions

e what could go wrong?
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