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Lecture I:

Broad Survey of Past Detectors

% Inverse Beta Decay

Discovery of the v
KamLAND, LSND

s Tracking Detectors

Two v Experiment
NuTeV, MINOS, CHARM II

s Bubble Chambers
Discovery of Neutral Currents

s Hybrid Detectors:
MINERvVA, NOMAD

Discovery of Tau Neutrino

Lecture II:

The Challenges for v,
Appearance

3 Water Cherenkov

Super-Kamiokande

sk Segmented Scintillator
NOvVA

% Liquid Argon TPC
ICARUS & future experiments

Mixed throughout: fundamental
physics of particle interactions,
principles of operation of
detector elements. Lots of
diagrams, photos, and event
displays.



¥ All particle detectors rely on the
electromagnetic interaction of the particle
with the detector material.

¥ Neutrinos do not have electromagnetic
Interactions.

¥ Ergo, there Is no such thing as a neutrino
detector.

¥ However, one can detect the products of
neutrino interactions.

% T he design choices for each detector are very much
determined by the properties of the v interactions
under study, as well as other constraints such as the
beam, backgrounds, etc. But in the end, it is the final
state particles that are detected through their EM
Interactions.



Large Mass Required

Rate = ® x o x

targets
b
O O D
D Q 3x10*electrons/kton

6 x10%* nucleons/kton

®(°B solar v) =6x10°cm™s’
®(atm. v) =1 cm™?s™

o(ve) ~10™ cm® (10 MeV)

o(vN)~10"* cm® (1 GeV)
\ A

= 10’s events per day in 22.5 kton Super-K detector

Equivalently, A = 1 . famous light year of lead

ntargets o




Neutrino Flavor Identification

electron threshold E >110 MeV
------ muon
Ve ( V py

_ Recoiling hadrons )
showering (maybe single nucleon) penetrating

threshold E >3.5 GeV

,q077  LAUON neutrino

=
— — =
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=
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VZ' \ e, u,t \ Recoiling hadrons

(maybe single n°)

challenging annoying (frequently background)
T —>evy 18%

— uvy 18%

— 3nv 14%

—> TV 11%



Energy Regimes

muon Quasi-elastic
V------ E < GeV
y7i
proton
pion muon
V ______ k
“ . single-pion
proton E ~ GeV

example: CC v,

V ______ —\ muon

Multi-pion and Deep
Inelastic Scattering
E > several GeV
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Energy Regimes example events

muon Quasi-elastic

V —————— E < G eV ==
7,
proton

pion muon
~ + Note: “World’s First Neutrino
V ------ S ~~ Observation in a Bubble Chamber”
ﬂ single pion ‘/. Nov. 13, 1970, ANL
proton
E ~ GeV

Deep Inelastic Scattering
IRl E > several GeV

X-view




Interactions with Electrons

SK-I 1496day 5.0-20MeV 22.5kt

g 02 . Elastic Scattering
8 ] . .
s Ostp = 55 000 [both CC & NC diagrams contribute]
% solar v _
o 0.1k * iy 7 - -
- flat radioactive background 1 V + e % V _I_ e
(radon, cosmic ray byproducts) ] € €
% 05 0 0.5 1

cos (—)Slm

Inverse Muon Decay

vV, te v, +tu

Exercise in crossing symmetry:

v, ! .
A|l —€ VeVﬂT Both characterized by very
Move across reaction arrow and change particle fO rward Scatterl ng angle

to antiparticle



Inverse Beta Decay Detectors

<

.+ p—oe +n

[/

Excellent detection opportunities

Ethresh :18 Mev
E romx = E, —0.8 MeV

Eoowre = 2.2 MeV (on proton, 10-several 100 ws later)

o =0.0952 Ee—pe2 X10_42 sz ~ 5x10_43cm2 Phys.Rev.D66:033001,2002
1MeV



056 Discovery of the Neutrino

1995 Nobel Prize: F. Reines

Data acquisition:
oscilloscope traces!



Principle of Detection: Scintillation

Emission of a pulse of light in response to ionization.
10,000-50,000 photons/MeV

Organic liquids & plastics

Inorganic crystals - Nal, Csl, BaF2, BGO

Nobel liquids - Ne, Ar, Xe
Z‘;{‘ N t

S; Absorption Emission

0
Absorption Fluorescen ce ° Wavelength A ——p

—~¢—— Photon energy hv



30% photo-coverage
1869 PMTs

Liquid scintillator:

80% dodecane

20% psuedocumene
1.5g/1 PPO

~8000 photons/MeV
(500 pe/MeV detected)

U/Th purified to below
1017 g/g

KamLAND



KamLAND Event

Important detector characteristic:
good fiducial volume determination

o, =2lcm//E(MeV)



™% Goal: i, appearance in

SN beam of V.

e ﬂ, Beam energy:
8 £ 50 MeV

B Dilute mineral oil-based
| scintillator

- =
:
% \

s
.

!

SRS 0.031 g/l of b-BPD

4,48
BRI A|I0ws for Cherenkov
A light pattern for particle

B8 identification
§ ~30 pe/MeV

o - .;

*;":-';."-1 n=147
| Scint./Cherenkov ~ 5:1

»




Remember the Time Domain

SNO pure D,0 phase

0.5 mb cross section
capture time few 100 us
6.3 MeV gamma
capture on H is 0.33b

SNO salt-phase We will also later see that

' the t=2.2 ps lifetime of muon
44 b cross section ey 5 & velEhE

capture time 5.3 us experimental handle for
8.6 MeV total gammas water Cherenkov detectors
Gadolinium

49,700 b cross section
Used for n-capture in Chooz reactor experiment
Proposal to put 0.5% Gd in Super-K



Tracking (Plane) Detectors

Layers of target: eg. steel, marble, glass

- Eayers of | lenl t etector: ~

,h“'"'"prOport \» 5
i\ scm'ﬁator.ﬁpup

t‘ tubes - Y

L g

resl S Imh_quefs (RP-CS)'

CDHS - CERN




Two Neutrino Experiment

1962 5 GeV protons

Beryllium target .
”eUtI‘InOS

10x 1-ton modules

1” Aluminum plates with spark gap
Coincidence counters (a) and
Anticoincidence counters (s.c,p)

- c

g A 4 A5
| |
Y

@>‘."/

34 single muon events and only 6 showers = t—pv is v, not v,




Energy Determination
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1. Range
2. Magnetic Tracking
3. Shower Calorimetry




— dE/dx (MeV g lem?)

~1.5 MeV g1 cm?

for most materials; ——_.

multiply by density

(but water ~ 2 MeV/cm)

dE/dx --- Range

] Bethe-

Bloch

2 dE. _ 27 1 [1 ; Imec?) 3 ; Tmax 2 0(,‘3 :
3 — =
6 - i
5
4
3
2 [ 2
I Al Fermi platgéau
\\\I\S“C density effect
Il ] RV
I\er?l o‘nlzmg | | I
0.1 1.0 10 100 1000 10000
By = p/Mc
1 IIIIIII| | IIIIIII| | IIIIIII| 1 IIIIIII| | IIIIIII|
0.1 1.0 10 100 1000
Muon Gorobined tnitm n{reNtiath measurement:
| |effective paTticIe ID handle |
0.1 1.0 10 100 1000
Pion momentum (GeV/¢)
| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 L 11111l
0.1 1.0 10 100 1000 10000

Proton momentum (GeV/c)

p(GeV)

g

Fluctuations due to 6-rays
cause high energy tail in
sampling detector:
“Landau tails”

mean
AE/AX

[} 3 L] 15
AE/Ax (arbitrary units)




Muon Ranger -

Simple, no magnetic field; limited by size.
Reconstructed energy: build range table,
integrating Bethe-Bloch; incorporate each layer
of differing material.(ask GEANT for help)

K2K Fine-Grained Detector
Run 2279 Spill 18568 TRGID 1

Quasi-elastic:
v N—up

Note increasing

" ionization density
as proton stops:
“Bragg peak”

(dE/dX)g= 1.45 MeV gicm? x7.9 gm cm=3=90 MeV/cm ... 1 GeV muon travels ~ 1m

(careful use of range chart, eg. in PDG, gives 80 cm)



sagitta

Magnetic Tracking

p,[GeV] = 0.3 B[T] r[m]

) zO.SBE Sp, _ s
‘ 8s P, S

O
S ptz 29 forN>10 equidistant
pt 0.3Bl N+4 Gluckstern NIM24(1963) 381

Increase | (more leverage)
Increase B (more curvature)

Decrease o, (hit resolution) or increase N hits



Electromagnetic Showers

1 » Compton scattering
» Pair Production

| » Bremsstrahlung

% Characterized by radiation length: X, ~ 180 A/Z?

% Longitudinal profile ~ x*e-bx

% Logarithmic growth of shower max. (i.e. calorimeter depth)

. oB)_ 2 gy
% Energy resolution: " g " /g

7 X

=3
5 0 Z Shower {(X0)

% Photon conversion probability: ®(x)=de **

C e To see shower shape:
Photon has significant chance of ~ 1X,, per plane

traveling one to several radiation Will be important in
. next lecture
lengths before converting to e'e



[g cm-3]

Material Properties

PDG: Review of Particle Properties

6. Atomic and nuclear properties of materials 1

X0

[cm]

Aint

[cm]

dE/dx
[MeV/cm]

1.00
1.40
2.70
7.87
11.35

36
14
8.9
1.8
0.56

83.6
83.7
39.4
16.8
17.1

1.99
2.12
4.36
11.4
12.7

Relevant for
hadronic showers

6. ATOMIC AND NUCLEAR PROPERTIES OF MATERIALS

Table 6.1. Revised May 2002 by D.E. Groom (LBNL). Gases are evaluated at 20°C and 1 atm (in parentheses) or at STP [square brackets]
Deusities and refractive indices without parentheses or brackets are for solids or liquids, or are for cryogenie liquids at the indieated boiling
point (BP) at 1 atm. Refractive indices are evaluated at the sodim D line. Data for compounds and mixtures are from Refs. 1 and 2. Futher
materials and properties are given in Ref. 3 and at http: //pdg. 1b1 .gov/Atoni cuclearProparties.

Material z A (z Nuclear ® Nuclear ® dE /dr|,;, ® Radiation length ©  Density Liquid  Refactive
collision interaction (¢ Xo {gfem®}  beiling  indexn
length A length Xp { 3 } {g/em?} {em} ({e/e} point at ({7 — 1)x10%
{e/ew’) {g/ew’} for gas)  latm(K)  for gas)

Hy zas 1 1.00704 000212 433 50.8 (4.103)  6L.289 (731000) (0.0838)[0.0809] [130.2)

H, liquid 1 1.00704 000212 433 50.3 4034 GL2BY 866 0.0708 20.30 1112

D2 1 20140 0.40652  45.7 54.7 (2.052) 1224 724 0.160[0.179]  23.65  1.128[138)

He 2 4002602 040068  40.0 5.1 (1.037) 0432 756 0.1240[0.1786] 4.224  1.024[34.0]

Li 3 6.041 043221 546 734 1630 8276 155 0.53 —

Be 4 0.012182  0.44384 558 5.2 1504 65190 3528 1.848 —

C 6 12011 040054 60.2 86.3 1745 4270 188 2265 —

Na T 1400674 040076 614 878 (1.825) 3700 471 0.8073[1.250)  77.36  1.205 [208]

0z 8 15.0004 050002 632 9.0 (1.801) 3424 300 11411428 0018 1.22 [206]

Fa 0 180084032 047372 655 95.3 (1.675) 3203 2185 1.507[1.606]  85.24 [1a5]

Ne 10 201797 0.40555  66.1 9.6 (1.724) 2204 240 1.204[0.0005] 27.00  1.092[67.]]
Al 13 26081530 048181 706 108.4 1615 2401 80 270 —

8 14 280855 040848 0.6 106.0 1664 2182 036 233 3.05
Ar 18 30.048 045050 76.4 172 (L5L8) 1955 140 130601782  87.28  1.233[28)
Ti 22 47867 045048 0.0 1249 1476 1617 356 454 —

Fe 26 56.845 046556 828 1319 1450 1384 L76 787 —

Cu 20 63546 045636 866 1340 1403 1286 143 896 —

Ge 32 7261 044071 883 1405 1371 1225 230 5.323 —

Sn 50 118710 042120 100.2 163 1.264 282 121 731 —
Xe 54 13120 041130 1028 169 (1.255) 848 287 2.053[5.858]  165.1 [ro1]
w T 18384 0.40250 1103 185 1.145 676 035 10.3 —

Pt T8 10508 030084 1133 180.7 1120 654 0305 21.45 —

Pb 82 272 030575 1162 104 1123 637 056 11.35 —

u 92 2380280 0.38651  117.0 100 1.082 6.00 =032 ~18.05 —
Air, (20°C, 1 atm.), [STP] 040010 620 0.0 (1.B15)  36.66 [30420] (1.205)[1.2031] 788 (273)[203]
H:;0 055500 60.1 53.0 1001 3608 361 00 373.15 133
COy gas 0.40080 624 80.7 (1518) 362 [18310] [L.977) [410]
COg solid (dry ice) 040080 624 50.7 1787 362 232 1.563 sublimes —
Shielding concrete 050274 674 90.9 L7 267 107 2.5 —
5102 (fused quartz) 0.40026  66.5 974 1608 2705 123 2209 1.458
Dimethyl ether, (CHa)yO 054778 504 52.0 — 38,50 — — 248.7 —
Methane, CHy 062333 548 734 (2417) 4622 [64850] 04224[0.717] 1107 [444]
Ethane, CzHg 050861 568 757 (2.304) 4547 [34035]  0.500(1.356) " 1845 (1.038)
Propane, CqHs 058062 56.2 6.5 (2.262) 4520 — (1.870) 2311 —
Tsoltane, (C'Hs)z CHCH; 0.58406 564 770 (2.230) 4507 [16030] [267] 26142 [1000)
Qetane, liquid, CHa(CHz)sCHa 05TTTS 56.T T 2123 4486 GAE 0.703 3085 1.307
Paraffin wax, CHa(CHy JosCHz 057275 56.0 82 2087 4471 481 093 —
Nylon, type 6 054700 585 815 1074 4184 36T 114 —
Polyearbonate (Lexan) 052607 50.5 530 1836 4146 346 120 —
Polyethylene terephthlate (Mylar) ¥ 052037 60.2 85.7 1848 3005 287 139 —
Polyethylene 057034 57.0 R4 2076 4464 =470 0.02-0.05 —
Polyimide film (Kapton) ™ 051264 603 5.8 1820 4056 386 142 —
Lucite, Plexiglas ™ 053037 50.3 53.0 1020 4040 =344 1.16-1.20 =140
Polystyrene, scintillator @ 0.53768 585 310 1036 4372 424 1.032 1.581
Polytetrafluoroethylene (Teflon) ® 047002 642 93.0 1671 M84 158 220 —
Polyvinyltolulene, seintillator 7 054155 583 815 1056 4383 425 1.032 —
Aluminum oxide (Al;0s) 040038 67.0 8.9 1647 214 .04 397 1.761
Barium fuoride (BaFa) 042207 020 145 1.303 9001 205 430 1.56
Bismuth germanate (BGO) 042065 082 157 1.251 7T 112 7.1 2.15
Ceesium iodide (CsT) 041560 102 167 1.243 230 L85 453 1.80
Lithium flueride (LiF) 046262 622 882 1614 3025 1401 2632 1.392
Sodium finoride (NaF) 047632 66.0 983 1.60 2087 1168 2558 1.336
Sodium iodide (Nal) 042607 046 151 1.305 940 250 367 L1775
Siliea. Aerogel * 0.50003  66.3 6.9 1740 2725 1360p=02 0.04-06 1L04021p
NEMA G10 plare * 62.6 90.2 187 330 194 L7 —
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Target — Calorimeter
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(Wuon Spectrometer)

Paschos-Wolfenstein

o(NC,v)-c(NC,v) 1




MINOS

* 5.4 kton far detector, 1 kton near
* 484 steel/scintillator planes

* 2.54 cm thick steel plates (1.4X)
*1.2 T solenoidal magnetic field

e peak neutrino energy ~ 3 GeV

*92% v, 1.5% v,/v,bar



MINOS - neutrino appearance

| 6.2c significance

Data/MC Ratio

15F

|

——TTT7——T
—

Lo ‘ |

Beam Matrix Best Fit

NDFit Best Fit
—— MINOS Data

+

N
o

5 0 ] 15
Recaonstructed E, (Ge))

I T early atmospheric results had
held up, Am? >10-2 eV2. MINOS
originally envisioned for statistical
study of t-appearance.

MINOS has some sensitivity
for v, appearance but
detector is not optimum.

But for now-- it is the only
running experiment that can
extend beyond Chooz limit.



CHARM-II

CERN-Hamburg-Amsterdam-Rome-Moscow
1988-1991

g e ma )

N\
*<% \

VETO SYSTEM 292 \
WITH IRON PLATES AND \/ NS

SCINTILLATOR HODOSCOPE

Target material: 692 tons of glass
Z~11  p=22¢9/lcm®  X,=12cm  A=44cm  inexpensive
One plane: 4.8 cm thick plate + 1 cm streamer tube

Detector for Neutrino-Electron Scattering (and Inverse Muon Decay)

+ |solated electromagnetic shower: low Z

+ Strongly peaked in neutrino direction - want good angular resolution (low density)

+ Backgrounds: v-nucleon scattering Ideas bouncing around to
neutral current zt production revisit this at Fermilab
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Quiz: what would Inverse Muon Decay look like?

il




Bubble Chambers

ne plus ultra of particle imaging

Single event discoveries

Limitations led to extinction
But principles being revived for dark matter

New detectors vie for claim of “electronic bubble chamber”

Neutrino Detectors - Ed Kearns - Fermilab/KEK Neutrino Summer School - 2007



Discovery of Neutral Currents

Gargamelle bubble chamber
- CERN, 1973
-E, ~ 1-2 GeV
- 15 tons freon

v,+N —v, +hadrons (NC)
v,+N — 4 +hadrons (CC)
v,+N — e +hadrons (CC)
v,te —>v, +e (NC)

n+ N — hadrons (contamination)
also antineutrino beam (v,

Single event discovery
BG estimate 0.03+0.02

E.=385 + 100 MeV
angle w. beam 1.4°+1.5°



Gargamelle




vN — vN i’

NC Single Pion Production
N

™~ L
E - (= GGM, Krenz, Nuc. Phys. B135, 45 (1978), CsHe+CF B
0 .775 [\ correfted to a free nucleon cross section

0.2 |

F — NUANCE
0175 . NEUGEN

L AT L oo vl
2
10 1 10
E, (Bav)
_Fi;},'m'e 7. NC 17 cross section o(v, p — r/pp?ro)
Shown are the free nucleon cross section predic-
tions from NUANCE and NEUGEN with ma =

1.032 GeV., my = 0.84 GeV, and sin? 6y = 0.233.
G.P. Zeller, hep-ex/0312061

Abb.

: Ein Kandidat flir die Reaktion (vp -+ \Jpﬁo). Das

7% wird durch Konversion eines seiner Zerfalls-
Photonen nachgewiesen.

M. Pohl, Ph.D. thesis

Not much data! Actually, there are many more measurements of
NC/CC ratios. These reactions are the dominant background to
T2K, NOvA and other v, appearance experiments.



Principle of Operation: Bubble Chamber

CONVENTIONAL CAMERAS
/

HOLOGRAPHIC
CAMERA

HOLOGRAPHI
FILM

< Liquified gas, H,, D,, Ne, Ar, Freon, Xe
kept close to boiling.

MAIN VACUUM POSITION

TANK

R

\ - <& After trigger, piston expands volume,
| gas bubbles form along track.

NEUTRINO

< Bubble growth stops when piston pushed back.

< Hlluminate with flash and photograph.

Crenco - Last exper_iments used holographic illumination,
- achieved ~100um bubbles.

CHAMBER WINDOWS
AND DISPERSING LENS
ASSEMBLY

VACUUM TANK
WINDOW

§ CHAMBER
: PISTON

FIG. 2. Side view of the 15-ft bubble chamber.



But...
Fixed target only.
High energy particles not contained; [Bedl only 10 T m.

Photograph scanning difficult (some automation developed).



Hybrid Detectors

More like a collider detector than a
detector of nearly monolithic design:

Vertex detector
Tracking region
Particle identification
EM calorimeter
Hadron calorimeter

Muon spectrometer



MINERVA

* vN scattering * nuclear effects * single-t production
* coherent-nt production ¢ parton distributions
* strange particle production

veto wall
MINOS near detector

8.3 ton high resolution
(1.7cmx3.3cm) segmented
scintillator target

+ 40% x6.2 ton nuclear target



Simulated MINERVA Events




NOMAD

v_appearance at small sin®20 - comparable to quarks
Am? range 1-1000 eV? motivated by Hot Dark Matter
E, ~ 20-40 GeV, L =600 m at CERN SPS

Also CHORUS detector, similar goals, emulsion-based



NOMAD Event Display

Later version,
NOMAD-STAR,
had Si tracking
target

“electronic bubble chamber”



Transition Radiation

EM radiation (X-rays) emitted when a relativistic charged
particle crosses boundaries of differing indices of refraction.

. Ny~1/137 per boundary = stacks of foils

» X-rays counted by gaseous detector e.g. Xe

ans -

/_\ electron 0025 -

i . L
LT an?
_'_'_'_'_'_'_'_'_'_,_,—o—'—'_'_ -
HEE NN . aaLs -

T pion L
00l -

T~. Anode -

2000 Volts 0.m5 —

[V o o o e o e

g, = 90%
—>

Electron s

' W=

-25

* Radiated energy oc ' = —

—> ldentify high energy (GeV) electrons (y > few 1000)

rejecting charged pions (which can shower early in EM calorimeter

Also can be used to estimate
energy of high energy muons,
eg. 0.1-1 TeV cosmic ray

muons in MACRO experiment.



v_was detected ...

but not by oscillation*

Iran

flaaﬁq

“Emulsion Cloud
Chamber (ECC)”

Of one million million tau neutrinos crossing the DONUT detector, scientists expect about one to interact with an iron nucleus.

Tau
lepton
dacay
| 1 mm | T
Tau neutring Particle
hits iron nucleus, (Tau from tau
Meutring | produces lepton | Emulsion lepton Emulsion Tracks
beam tau lepton track |[layers decay layers recorded

*Super-K has
2-3c Indications
of a statistical
appearance of
t-like events



DONUT Detector

ldenfification of
MUons comang from
fau decay

Calonmeter determines
enargy of decay products

Diift chambers record
decay parlicle tracks

Magnet spreads tracks
of charged particles

Emulsion target
with planes of
scintillation fibers

Steel shield to
block particles
other than
neLtninos

DONUT Detector for
direct observation of
tau neutrinos (Y

Meutring
beam



Nuclear Emulsions

T T T T S T - S I T4 W e

e Ed z o

"

Photograph of emulsion
tracks (from CHORUS)
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Multiple Coulomb Scattering

PDG

- X - Important experimental constraint:
HXIZ—J-‘
—T ¢ w‘. A +* He in v decay volume
—_—— — plane Yplane
Splane ~—~~ ™~ *I \ < Low Z (Be) collider beam plpe
8)EI.HE‘
! /4" “» Kalman filter for improved
track reconstruction
B 1 < Momentum estimate
13.6 X X
O == "7 |—|1+0.038In——|  (PONUT, MACRO)
pep N X | Xo

At et
ol

=
o

Tested with rt tracks
] in test beam -

-
/:—“-:

Resolution ~ 30%




OPERA

v, appearance in v, beam
(atmospheric Am?)

M. Dracos, VCI2007

1.8 kton



What have I skipped?

¥ Highest energy detected - neutrino telescope
AMANDA, IceCube (see F. Halzen lecture)

¥ Lowest energy detected - pp solar (GALLEX/GNO, SAGE)
also '‘Be: Ray Davis Homestake Mine experiment

1995 Nobel Prize: R. Davis
& M. Koshiba (Kamiokande)

615 tons of CoCly
(dry cleaning fluid)

1500 meters depth
Individual Ar atoms
extracted and counted

by radioactive
decay (t ~ 35 days)

Ve + 37Cl — 37Ar + e-

Back to inverse beta decay again!



