Chapter 6

Astroparticle detectors

Similar detectors
Different system configurations
and different difficulties, ie. locations, size
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Finding Cosmic Rays QAT

Karlsruhe Institute of Technology

® 1900: Theory: all radiation comes from soil/ground = ~e -"/A
B 1908: Wulf (electrometer) measure on ground and Eifeltower — inconclusive
B 1909: Gockel: Ballon upto 3km — no decrease - does it come from the sun?
O

1912: Hess: Balloon up to 5.2km — radiation increases - does it come from the
sun? Measure also during night and partial eclipse!

1914 Kohlhorster up to 9.2km — radiation increases
W 1928: Using Geiger counters

B 1931-1933 Compton starts world tour — yes, it is everywhere
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Many Discoveries from Cosmic Ray Observations

Particle Year Discoverer (Nobel Prize) Method

¢ 1897 Thomson (1906) Discharges in gases
Iz 1919 Rutherford Natural radioactivity
n 1432 Chadwik (1935) Natural radactivity
et 19.53 Anderson ( 19:46) (osmie Rays

pt 1937 Neddermever, Anderson (C'osmic Rays

x> 1917 Powell (1950) . Occhialini (losmic Rays

K3 1649 Powell (1950) (osinic Rays

5 1449 Bjorklund Accelerator

K" 1951 Armenteros Cosmie Rays

A" 1951 Armenteros Cosmic Rays

A 1632 Anderson (osmic Rays

= 1932 Arinenteros (Cosinie Hays

b 1953 PBonett Cosmic Rays

P 1955 Chamberlain, Segre’ (1959  Accelerators
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Many (hundreds) particles known, see PDG (Particle Data Group):

Baryon Summary Table

Meson Summary Tabl

SKIT

Karsuhe Institute of Technology

Leptons
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What we look for in cosmic rays
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x of Cosmic Rays
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" «— 1 particle per m? - second

Source 1: Solar Wind
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Solar modulation
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(source: Swordy - U.Chicago)

Direct measurement: Indirect measurement:
Balloon, Satellite detectors on ground

Polar lights

Energy: 1,5-10 keV
Mainly protons



Source 2: Supernova Remnants,
Massive Stars, Pulsars

; ' - ,
Energy: 100 MeV (108 eV) —1 PeV (10" eV)
Mainly protons
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Source 3: Active galactic nuclei
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Energy: 1 PeV (10" eV) — 1 ZeV (10%! eV)
Mainly protons and nuclei




Single Particle Fluxes
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proton
1 AMS

A BESS

o me Primary cosmic rays:
4 e « Protons ~89%

¥ KASCADE(SIBYLL)

I" leetll::-iB‘lI’LL} PY H e ~ 1 O %
all-particle i
Tibet(SIBYLL) o Heavy nUCIGI (C) ~1 %

KASCADE(SIBYLL « € ~1 %

Akeno
GAMMA
TUNKA
Yakutsk
Auger
AGASA
HiRes

0O ¥ & X < & » 4 0

CAPRICE e

e¢pvy [Secondary nuclei
: e (from cosmic ray
i interactions):

o]

L

A BESS
AMANDA

o]

« Traces of e”
ot « Traces of p
« lTraces of nuclei

NB.: with special telescopes like x-ray and radio, we see that we have gases in addition to stars

- Universe = Stars 1.5% + Gas 13.5% + 85% unknown



Karlsruhe Institute of Technology

6.1 Earth based systems

Auger
Magic

11



« Electromagnetic (EM) shower
» Only processes: electron-positron pair

Gound Based: Extensive Shower Arrays /ﬁ =

production and bremsstrahiung 4 ', (\

. . . . . ghr;;;:c)lgnsmlengmnale radiation e“\\
Detection principle: use Earth's atmosphere as calorimeter, e I
detect shower particles at observation level (defines energy threshold!). =i .~ //_@ -

- - . - - 1/3 each n*, 1 I (b_' ¢
— Nol/limited particle ID of primary particle! " S e £ ;S\
The highest energies: 10" eV - 10?" eV ot

] . oy 8 mu W
Acceptances: can be very high. o 0 g
[l L] [l - \' S
Limited by hemisphere and angular dependence of effective are ~ ..® —#o~®

» Conversion to visible light by wavelength shifter = material with
absorption in UV and emission in visible

« High light yield only in liquid gases or under high pressure

Onchrs A P st Astparien My AL - A 95 T S 018304

Techniques:
water Cherenkov telescopes, air Cherenkov telescopes, fluorescence light, scintillation
counters, PMs, SiPMs, tracking detectors (drift chambers, Geiger tubes).

MAGIC




1. Pierre Auger Observatory, La Pampa

B

T NS

-
Surface detector:

1600 water cherenkov tanks

on a 1.5 km hexagonal grid
.

~\

J

Fluorescence detector:

~

4x6 fluorescence telescopes

J

https://www.auger.org



Auger— A "Hybrid Detector”

(Fluorescence from air N2 molecules\ |
isotropic emission along shower axis

Limited to dark, moonless nights —
10% duty cycle

&3
Range > 30km (for 1020 eV air ) / R

[TOWET) |

Iy's Eye” with some
ctive photodectors

MIRROR
CAMERA APERTURE
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Auger Water Cherenkov Detectors
e

Communications antenna

GPS antenna

@urface detector station\ -

Electronics box Solar panel

. Plastic tank ) N
. Reflective tyvek liner ST
. 12 m? purified water Tresk: § ~ N
. 3 PMTs (9 inches) * ~
\. 100% duty cycle / oW
Reminder il
Batteries Polyethylene tank

Cherenkov Radiation

ogo,?oogg%o FIG. 2: A schematic view of the Cherenkov water tanks, with the
oMU 005 -2 0 . . . ~

C @ QO ~ > . «

80)“0@88%0 components indicated in the figure.

c
v>—
n
= Symmetric polarization Polarization only to back
= No directed dipole moment - changing dipole moment

- radiation
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Fluorescence Camera

aperture box ——

filter ——

reference point- & /&

»

corrector ring |4 ;Z//I b SR TR
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2. Magic, La Palma

ST

Karlsruhe Institute of Technology

B The telescopes measure Cherenkov light images of extended
air showers from a target source direction.

® Mirror + PM and starting to use SiPMS

Previous: VERITAS & HESS

Next: The Cherenkov Telescope Array (CTA) is the next
generation ground-based observatory for gamma-ray
astronomy at very-high energies. With more than 100
telescopes located in the northern (La Palma) and souther
hemispheres (Chile).




Limits on ground based detection

Ground based detectors use the Earth’'s atmosphere as a giant calorimeter.

Achievements: large acceptance (can cover 3000 km? on ground rather cheap),
highest energies accessible (observation level, statistics)

Challenges: Primary Particle ID difficult or impossible
Low energy threshold — need to move to high altitude to access galactic cosmics

— Ballons!

Gockeb adain! -




Karlsruhe Institute of Technology

6.2 Balloon, Satellite and ISS
based systems

CREAM

ISS CREAM
DAMPE
CALET
AMS
PAMELA

19



Balloon Experiments in Stratosphere

(VI

Detection principle: fly a particle detector in stratosphere with little
grammage above top of instrument (*almost primary particles”).

Mediumg"(galactic) energies: 10'2 eV-101° eV

Duty cycle: duration of balloon flight (d'alys)'. =

Techniques: Transition radiation detectors, time-of-ﬂight,
calorimeters, silicon trackers, ..

Material budget limited by maximum payload weight of carrier.



1. CREAM Detector
Cosmic Ray Energetics and Mass (CREAM)

Timing Charge
Detector

Cherenkov
Camera

Silicon Charge
Detector

Carbon
Targets

Calorimeter

Support
Instrument
Package

-

\_

\
CREAM-V integration at
Williams field near
McMurdo, Antarctica.

_J




CREAM Flights

How can | improve
these measurements?

Table 1
Summary of the six CREAM balloon flights in Antarctica.

Launch Termination Duration
CREAM-I 2004.12.16 2005.1.27
CREAM-II 2005.12.15 2006.1.13 .
CREAM-III 2007.12.19 2008.1.17 le!te_d
CREAM-IV 2008.12.18 2009.1.7 statistics
CREAM-V 2009.12.1 2010.1.8
CREAM-VI 2010.12.21 2010.12.26

[Advances in Space Research 53 (2014) 1451-1455]

then 1S5
3 ISS-CREAM Pronounced "ice- m

cream"




SPACE: SATELLITE EXPERIMENTS




/

Detection principle: fly a particle detector in low Earth orbit or on 3’%
interplanetary missions \

Low (galactic) Energies: 108 eV - 103 eV —
Acceptances: 2 X 10 m? sr (PAMELA) - 4 m? sr (ISS-CREAM)
Duty cycle: ~100%

Techniques: Transition radiation detectors, time-of-flight
scintillators, calorimeters, silicon trackers, ..

Materlal budget limited by maximum payload weight of carrier




A Lift from Stratosphere into Space

| 2. ISS-CREAM (pronounced “ice cream”)

nasa View from NASA: “Cosmic Ray Observatory on the ISS” Space based data taking \
‘ increases measurement time,

but simultaneously:

. challenging hardware

requirements

— electronics needs to be ‘radiation’ hard
and redundant

— payload weight and dimensions need
to fit carrier

— detector operation (EM-radiation) must
not interfere with ISS ops

JEM-EUSO o high costs

~ CALETon JEM ¥ 5 | Launch Tentatively
\huge imponderables and risks

HTV Launch.204+ s 2 planned for 2017 |




The Cosmic Ray Energetics And Mass
experiment for the International Space
Station (ISS-CREAM) was launched on
board a SpaceX Falcon 9 on August
14th, 2017, installed on the Japanese
Experiment Module (JEM) and powered
up on August 22nd, 2017.




ISS-CREAM will measure cosmic ray energy spectra from TeV to PeV

« Nuclei spectra —
sources and
propagation

Silicon charge detector

> (SCD):
« Charge measurement _
Top/bottom counting

‘ detector (T/BCD):
» / . Plastic scintillator for e/p sep.

. Independent trigger

« Secondary/primary
ratios — propagation
and interactions

. Individual isotopes

close to the knee § S CAL
wih = * 7= Calorimeter (CAL):
= | | . 20 layers tungsten
+ scintillating fibers
. Energy measurement up to 1
PeV

~ - . Tracking and trigger el
WO ((\6%(\
Boronated scintillator detector (BSD):

« Measures thermal neutrons — e/p separation

Advances in Space Research, Volume 53, Issue 10, 15 May 2014, Pages 1451—

1455
DAS/ICRCO2N10M 177 PA/ICRC2017\100




3. CALET — CALorimetric Electron Telescope

Kounotori (HTV) 5

Launched on Aug. 19", 2015
{ by the Japanese H2-B rocket

Emplaced on JEM-EF port #9
on Aug. 25", 2015

All-calorimetric experiment:

« Charge detector (CHD)

Pre-shower imaging calorimeter (IMG)
Total absorption calorimeter (TASC) 30 X,
CGBM (CALET Gamma-Ray Burst Monitor)

CHD-FEC PMT SCIN
| 450mm =
; 4 I | ) PR ) R N O [ I A A l
MAPMT | =1 R 2= =
VA Chip N ]
Assembly -;i._ - I . ] > |MC
IMC-FEC 1 - ‘
: =] r Ly E—— SciFi
! . 1
- - - B =<
PMT i S
“1 loaATrN
—
g TASC-FEC : a ARG
PD/APD 0%
BASE PANEL

Japan, ltaly, USA

76



e*+e Flux;: CALET

250
PRL 119, 181101 (2017)
200 Nov 2017
r ; -
; - =
> I 8 ¢ (1 particle per m? — year)
m B ; 9 5 )
4 I éw"‘ § § %
% ] - . =
y - B &
|E - 3 ° Ankle "M\\.&u
I;' 1m - 107 (1 particle per km’ — year) "
q : Ene:goy(eV)
9 [ ¢  FermiLAT2017 (HE+LE)
50— o  AMS-022014
¥ A PAMELA ¢ +e¢*
B HESS 2008+2009
0 1 L L {1 gl i \ |
10 102

Energy [GeV]

CALET CAL: 30 X, — fully contains TeV shower, E-scale uncert: TBD, but small
AMS ECAL: 18X, — contains 70% of TeV shower, E-scale: 4% uncert. at 1TeV
Fermi ECAL: 10 X, — contains 35% of TeV shower, E-scale: 5% uncert. at 1 TeV
HESS: E-scale: 15% uncert.

76



4. DAMPE — DArk Matter Particle Explorer

DAMPE Collaboration:

- Purple Mountain Observatory, National
Space Science Center, Inst. High Energy
Physics, Inst. Modern Physics, University
of Science and Technology

n Geneva University

I . Bari, Lecce, Perugia (Universities and INFN)

Dark Matter Particle Explorer successfully
launched on December 17, 2015

.<>
?
V

4

\\Le

L

* DAMPE detector, consists of 4 subsystems:
« the plastic scintillator strips detector (PsD), «~ Charge
* the silicon-tungsten tracker-converter <—TraCk & Charge

(STK),
* the BGO imaging calorimeter (BGO), and +—— Energy, 32 XO
* the neutron detector (NUD). —

— e/p discrimination



The DAMPE BGO Calorimeter

TABLE II: BGO specifications

Active area 60 x 60 em? (on-axis)
Depth 32 radiation lengths
Sampling > 90%

Longitudinal segmentation 14 layers

Lateral segmentation ~ 1 Moliere radius

X Layer (22 BGO bars)

//'

Y Layer

14 Layers

BGO (Bi4Ge3012)
Is a high Z, high density scintillation material
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Cable connector



MISSIONS AND SELECTED RESULTS (no magnet after AMS!)

Experiment e*|e e*+e- CR nuclei Charge Gamma-ray Type Launch
(present (energy range) (energy range)
data)
PAMELA e*<300 GeV  1-700 GeV 1 GeV-1.2 TeV 1-8 - SAT 2006
€<625GeV (3 TeV with cal) (ext. -> 2TeV) Jun 15
FERMI - 7 GeV -2 TeV 50 GeV-1TeV 1 200 MeV-300GeV SAT 2008
GRB 8 keV-35 MeV Nov 11
AMS-02 e*<500 GeV 0.5 GeV-1 TeV 0.5GV-19TV 1-26++ 1GeV-1TeV ISS 2011
e<700GeV  (extendable) (extendable) (el ) May 16
NUCLEON - 100 GeV-3 TeV 100 GeV-1TeV 130 - SAT 2014
Dec 26
CALET 1 GeV -20 TeV 10 GeV-1TeV 10 GeV-10 TeV ISS 2015
GRB 7-20 MeV Aug 19
DAMPE 10 GeV -10 TeV 50 GeV-500TeV 5 GeV-10 TeV SAT 2015
Dec 17
ISS-CREAM 100 GeV-10 TeV  1TeV-1PeV ISS
CSES - 3-200 MeV 30-300 MeV 1 - SAT 2018
GAMMA-400 - 1 GeV-20 GeV 1 TeV-3 PeV 1-26 20 MeV -1TeV SAT 2023-25
HERD - 10(s)-10* GeV Up to PeV TBD  10(s)-10* GeV CSS 2022-25
HELIX - - <10 GeV/n light - LDB proposal
isotopes
HNS - - ~GeV/n 6-96 - SAT proposal

GAPS - - <1GeV/n p,D - LDB

o
-
=)
wid
-
LL



Atempause

Then AMS



5. AMS-02: The Alpha Magnetic Spectrometer 02

« Volume 64 m?3, height 4 m

« Weight 8500 kg

. Power 2500 W

. Data downlink 9 Mbps (minimum)

« Magnetic field 0.15 T (400 x Earth,

PAMELA: 0.4 T, but H=44.5 cm)
« Launch May 16th, 2011 (Endeavour)
. Data taking as of May 19th, 2011

« Construction 1999-2010
(>3 PhD generations)

« Mission duration: until the end of ISS
operation
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To measure;

10%E

10°
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o

experiment
x

nd base j

experiments .|

BESS

ATIC

JACEE
KASCADE(SIBYLL)
Tibetll(SIBYLL)

all-particle

L]
v
A
L
0
x
L]
*
O

Tibet(SIBYLL)
KASCADE(SIBYLL)
Akeno

GAMMA

TUNKA

Yakutsk

Auger

AGASA

HiRes

e'pv vy

CAPRICE e~
HEAT

ATIC

Fermi

HESS
CAPRICE e*
BESS

[ s O(p)/ d(e*) ~ 103-10 ]

[ s O(e’) / D(e*) ~ O(10) ]

ot [Hillas 2006,arXiv:astro-ph/0607109 v2]

EGRET

How to find a positron:

[ Among all collected events we need to find the 0.1%-0.01% signal positrons. ]




Transition Radiation Detector: TRD

Transition Radiation - mechanism AT

Charged particles with large Lorentz factor y: characteristic
transition radiation when crossing interface between vacuum and
dielectric medium (V.L. Ginsburg, I.M. Frank, 1946)

= Physics idea: different electromagnetic fields in vacuum and medium
— re-organization at boundary: pieces “shaken off” as transition radiation

v - n
—— = V — leads to Bremsstrahlung or Synchrotron radiation
Cph Co
transition
Since c,;, changes in the medium! s
. N I
i nm g =0

« The change is very abrupt ~10pum!

u gem ol > >
Identifies e*, e el -
LEPTON/HADRON SEPARATION WITH THE TRD |

159 '_/'It"ﬂ«'-c ——



Transition Radiation - mechanism AT

« Charged particles with large Lorentz factor y: characteristic
transition radiation when crossing interface between vacuum and
dielectric medium (V.L. Ginsburg, |.M. Frank, 1946)
= Physics idea: different electromagnetic fields in vacuum and medium

— re-organization at boundary: pieces “shaken off” as transition radiation

v >N
—— = VU — leads to Bremsstrahlung or Synchrotron radiation
[« [¢f
ph 0
rarasen
. . . | uclation
* Since ¢, changes in the medium! >

Mm

+ The change is very abrupt ~10um!

Polyethylene fibers
(10 pm) fleece

(ww oz) s03e1pey

X-ray ," Tube straws (6 mm)

20 layer of radiator (fleece) and straw
tubes for Xrays (~KeV) detection




Time — of Flight: TOF

— Charge Q
— Velocity

X-rays
+ion.

ion.

ion. | elp?

dE/dx

dE/dx

Q, B

o

| D =
g ¥
Remember the goal: separate particles with different

| electron-pion
mass/velocity at same momentum.

pion-kaon

kaon-proton
Time difference of 2 particle at a given momentum p:

L1 1y L mic? mic?
A:=—(777)=7 1+ - 1+ T2
c\B B e [3 [3

p»m

L=1m

Lc
ot =)

Typical required time resolution for

pion-p few GeV,
distance: 1 m): ot S 100 ps (rule of thump: need separation
of better than_3-4at for particle ID) — very fast detectors

TOF is applicable for low energies/momenta only
e.g.: Separate r from K with 4 standard deviations,
detector: 6,=0.3 ns (At = 4xoy = 1.2 ns) —

= L~3matp=1GeVicbutalready L ~12 m at p =2 GeVic




Upper TOF _ S ane Gscintillator planes (2 above, 2 below magneh

The TOF provides to AMS-02

— Fast trigger to charged particles through different
thresholds

— Time-Of-Flight dT (res ~160ps) to determine
velocity with few % resolution
— Particle charge Z up to Z=15

o marLmm s stk s Mo s o stk L LA S A s a

ToF Charge



Silicon Strip Tracker and Magnet

TOF

— Charge Q
_, Rigidity R=p/Z



9 Silicon planes

Single coordinates resolution
10um (bend plane) 30um (not-bend plane)

2264 double-sided Si micro-strip sensors
For a total of 6.4m? active area
200K readout channels

Channels aligned to 3um using
« 20 UV laser (inner tracker)
e cosmic rays (outer planes)

Maximum detectable rigidity ~ 2TeV |




Ring Imaging Detector RICH

p | Fe | et | P

X-rayst ion. | elp?
+ion.

dE/dx dE/dx dE/dx dE/dx

Ol KOAHOR KON ks
wx wx wx J/dx QR

Rl N Py -

ion. ion.

o= N
g -
y
»
I
-,
Yam
==,
>
g

Vams’ ‘,!' | ems’ Vaus?

Tracker

TOF
‘ RICH

Cherenkov Radiation

s i
c c
_) Z >
v< n v n :-I;:
a rg e = Symmetric polarization Polarization only to back
= No directed dipole moment -> changing dipole moment

— Velocity B



: Charge
Particle Velociey

Cherenkov a’l
Radiator s

Conical
Reflector

Photo-
detectors

Cherenkov Rings

s

N

~\

— 134 cm diameter collection

surface

— 640 4X4 PMTs
— Conical reflector to

J

Intensity ~ Z2
Opening Angle ~ 3

ﬁ B measurement with a resolution ~ \
0.1% for Z=1 particles, and ~ 0.01% for
ions (Z>1).

m Particle charge measurement with a
charge confusion of the order of 10 % up
Z=30

Number of events
—
U

increase RICH acceptance

Illllml lllllml IIIII|'|TI IIIII"TI LILRALL

He

RICH Test Beam

Ne, M
F ®Na" Ja| i

10 15 20 25 30
RICH measured Z



Electromagnetic Calorimeter: ECAL

P

‘ TRD ion.

dE/dx

ORKCANCRNOR IO
ASISISY

iy,
O

TOF

Tracker

{4

‘ams? ‘,!
had

CRs

Identify e*, e-

Particle properties - redundant measurements

Energy for e*, e



AN NTT N\ : ‘

~——=A7 BerF

M

===
s
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« Lead (58%); Scintillating fibre (33%); Optic glue (Q%D
* 1296 readout cells

- 18 Layers (17 X, 0.6 Anuc )

* Volume: 65.8 x 65.8 x 16.7 cm3,

\ J




Particle Signatures in AMS

0.3TeV| e-| e+| P | He Y

TRD

<<<<
<<<<

<<

=]
-
-

TOF

Tracker ///

RICH

f" 5
& -
B !
A P o RN L ¢
ey o g

iy S Ropn

o e

\




Operating AMS-02 on the ISS

TRD

24 Heaters
8 Pressure Sensors

482 T Sensors
A %m |

YR, -
Silicon Tracker
4 Pressure Sensors

32 Heaters
142 T Sensrs

80 T Sensors

G NS e
e AA(( )
\ ‘f{' ;.-‘.‘»'.\ {/ ’ :

.

1118 temperature sensors
5 radiators
298 thermostatically controlled

heaters

¥ | - o &
= T get g ’.-"0.

J

TOF & ACC
64 T Sensors

N

Magnet |
68 T Sensors

R

RICH
96 T Sensors

[ Tracker front-end electronics are kept stable to 1°C

(optimal performance) radiating ~ 150W to Space




and Light—-nuclei Astrophysics

a Payload for Antimatter matter Exploration

Time-Of-Flight

plastic scintillators + PMT:

- Trigger

- Albedo rejection;

- Mass identification up to 1 GeV;
- Charge identification from dE/dX

Electromagnetic calorimeter

. WISi sampling (16.3 X0, 0.6 Al)
- Discrimination e+ / p, anti-p /e
(shower topology)

- Direct E measurement for e-

Neutron detector

GF: 21.5cm? sr

Mass: 470 kg - High-energy e/h discrimination

6. PAMELA was launched on

15 June 2006 and was the first

satellite-based experiment for

Main requirements > high-sensitivity antiparticle identificatior (€ detection of cosmic rays, with
a particular focus on positrons

and antlprotons

ANTHOOIMCIDENCE ‘
[ERRE)

Y
ANTICOIMCIOETNCE

TOF (82) T T

i |.-ﬂ—|
|caT)

Wﬁ-?ﬁ.ﬁh"#’iﬁ-{ﬂ :

TOF (53) I_é_.
|

Size: 130x70x70 cm?3 Spectrometer

It provides:

- Charge sign

- Magnetic rigidity - R = pc/Ze
- Charge value from dE/dx

Power Budget: 360W microstrip silicon tracking system + permanent magnet

scar Adriani
ICHEP 2010




SKIT

Karlsruhe Institute of Technology
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Chapter 7

Neutrino Detectors

Homestake
SNO
Kamiokande
ICECUBE
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Neutrinos - Properties

* Where from? * Cross section

— Atmosphere — Interactions/forces?

— Cosmic Rays, Supernova — What material to interact with?

* Which resulting particles to

— Sun measure?

— Collider * What do we measure?

— Reactor — Just count and compare to

— Decay theory, e.g. sun CNO cycle

* Neutrinoless double beta decay — Mass
— Oscillations

— Disappereance / Appearance



Neutrinos from the Sun [pp chain]

[Pp-neutrinos]
e 2
p+p>*H+e*+v,

| 99.75 %

[pep-neutrinos]
- o 2
p+e+p>“H+V,

0.25%

!

H+p>3He+vy

85% | ~15%

iigs GNGTEyeie)

- 100 trillion neutrinos pass through
your body every second!!!

A

*".I.I. \ L

! |

3He + 3He > “He + 2p

SHe + “He > 'Be + Y

~105 9% [hep-neutrinos]
» ‘He+p>“2He +e* + V. W

1 15.07 %

‘Be+e > TLi+y+V.
['Be-neutrinos] l

Ti+p>a+a

0.02 %1
Be+p>°B+y

l

8B > 8Be + et + Vv,
[“B-neutrinos]

Atmospheric neutrino source
Tt — ut+ Vi
|—> et+v, +V

T — U + ﬂl

|—>e‘+Ve+v

i

M

| have done a terrible thing, | have
postulated a particle that cannot be
detected.

W. Pauli

Pauli on B-decay
n>p+e +v,




Charged Neutral

Current Current
Detection of Neutrinos ! N N
' |
A 1 70
_ . . . ] 2 |
Neutron detection only via weak interaction ... | /"V\
Possible reactions: n /\ p e e
Charged Current Neutral Current
Reactions: Reactions:
Ve+n — € +Dp Vet e — Vete
De+p — et +n Mt B % PpthEe
Vy+n — u +p vr+e — vrte
Yy +B — pfi_ +n Remark:
Neutral Current vN-interactions not
i +n — 7 4+ P usable due to small energy transfer
Vret+0 —* T +n
Neutrino nucleon x-Section:
[examples]
10 GeV neutrinos: o = 7-107% cm?/nucleon

Interaction probability for 10 m Fe-target: R = - Na [mol'/g]-d-p = 3.2:101°
with Na =6.023-102 g'; d=10m; p = 7.6 g/cm?
Solar neutrinos [100 keV]: o = 7-10 cm?/nucleon

Interaction probability for earth: R = 0-Na [mol'/g]-d-p ~ 4-10-14
with Na = 6.023-10%% g'; d = 12000 km; p = 5.5 g/cm?

In HEP detectors v= MET

Neutrinos need a light year of lead(~10"3km) to be stopped
with 50% chance



Neutrino Flux

(em? )

Detection of Solar Neutrinos

. SuperkK, SNO

‘Gallium I Chlorine
101 i P
~ Bahcall-Pinsonn
" F//_\
i PP) 112
100 |
10° B
+10%
108 r
"Be Be
107 r
108 3
108
104 / i
103
102
N 1 " . | :
% 0.3 1 3 10

Neutrino Energy (MeV)
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Solar Electron Neutrino Problem

Total Rates: Solar Standard Model vs. Experiment

"
SNU [Bahcall+ Serenelli, 2005
B> 5 Moy Ev>0.2 MeV Ev >
Ev > 0.8 MeV 1360
/1‘0 bia Z1o
Z Z
]
é 043}00{ 77 691\)
- 0.41+0.01 G7%0
@
2 25610 23 030:&005
g
z SNO
> All v
% H () Kamiokande [)20

~72p Experiments m
Uncertainties

37C) = STAr
[Homestake]
Exp: ~ 2.6 SNU
BS05: ~ 8.1 SNU
[Gallex, GNO, Sage]
Exp: ~ 70 SNU
BS05: ~ 126 SNU
8B v-flux

Ve ONly

[Kamikande, SNOJ

Exp: ~ 2.4 SNU
BS05: ~5.7 SNU

The solar neutrino unit (SNU) is
a unit of Solar neutrino flux
widely used in neutrino 57/
astronomy



= CONDENSER
7

1. Homestake (1970-1994)

VESSEL MANHOLE N5 -
MAN CHAMBER -~ \

General Homestake Mine
Development

Yales Ross

2500m,
The

Homestake Mine

Lifetime: 35 days

P d
S7Cl + Ve > 3"Ar + €

Neutrino capture:

Detection of ¥ Ar via e -capture [*"Ar(e,ve)’Cl]; T = 35 days

results in Auger-electron @ 2.82 keV which after
extraction is detected in proportional counter

Experimental details:

- 615 tons of CoCls
- Threshold: 814-keV threshold

- Bubble He gas through to extract Ar
[every 2-3 month]

- Artrapped in cold trap

- Proportional Counter filled with
Ar gas (7% methane)

- Important: 3Cl is 24% abundant.

CATHODE -}

ANODE i
CENTERNIRE—F | |

MERCORY FILLED
COLUMN FROVIDES
HIOH VOLTAGE
ELECTRICAL CONTACT

HICH VOLTAGE
FEED-THROUGH

STOPCOCK— [ ]

|_ § — QUARTE

SPACER

ARGON GAS IN

| | 44—"acriva meaton

QUARTE
" ENELL

SFRING

© FROVIDES
TENSION ON
CENTERWIRE

STONAL
FEED-THROUGH

D)

TAMER JOINT
FOR MOUNTING
ON PROCESSING
AFPARATUS

WALKWAY s

= o xll
neut/lcgnmsmﬁ!.dm.m\ 5

[ e R 7 GAS TIGHT DOOR
‘lr;?l B
¥

; /--Hsuu,l.v CIRCULATING SYSTEM

= PROCESS CONTROL RM

WATER TIGHT DOOR 771 2%

BROOKHAEN SOLAR
NEUTRINO OBSERVATORY

B B LC TRSCONS ¥ 1M

=>» Clorine for primary interaction

Trap Ar (tens atoms/month) - Ar via Auger e-
in proportional chamber
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Average of 108 run
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=
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i
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=
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1
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1
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o
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1
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7 Ar production rate (atoms per day)
Solar neutrino capture rate (SNU)

it

|

1870 1875 1860 1985 1800 1985
Year

Figure 15. A summary of all of the runs made at Homestake after implementation of rise-time
counting. Background has been subtracted. Over a period of 25 years, 2200 atoms of *’Ar were
detected, corresponding to an average solar neutrino flux of 2.56 SNU. The gap in 1986

occurred when both perchloroethylene circulation pumps failed. Based on data from Cleveland
et al. (1998).
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=
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2. Sudbury Neutrino Observatory ﬂ(l:r
SNO

Rock

Control room

12 m diameter
acrylic vessel

Support structure
for 9500 PMTs

1700 tonnes
light water

1000 tonnes
heavy water

5300 tonnes
light water

ouv



Karlsruhe Institute of Technology

B SNO uses heavy water as a target

® Goal to distinguish v, and v, (Homestake only v,)

ve+d —> p+p+e —1.44MeV (CO), e = Cherenkov light

v,+d—> p+n+v, —2.22MeV(INC), and n = capture (n+p—>d) +y = Compton
scattering > e~ = Cherenkov light

vy +e — v, +e (ES),

@ Cherenkov light — detection PM
B Ratio of CC/NC = v, too low = v oscillation

Annu. Rev. Nucl. Part. Sci. 2009. 59:431-65 61



The SNO Experiment

AT

cc]v, +d—>ptpte

» Measurement of v, energy spectrum
» Weak directionality: 1— 0.340cos6

© IR

« Measure total 8B v flux from the sun
* O(Ve)= 0(vp)= o(v,)

@ Vi T T, AR

« Low Statistics
* 20=0(v)+0.154 ¢(v,+v,)
« Strong directionality:

0, <18° (T, = 10 MeV)

Ve
™ ;
\‘@ — = < (p)

e /

f ff’(-iherenkov
o

Light

®

J

Light

/
. ——
® /. Cherenkov




3. Super-Kamiokande 1998

Superkamiokande Detector

—

A

Tho ight ic

P
dete-led by \
pholo sensars .
that ine the | \
lanh. anwd

b
i

trarziated intc a

\__ _,,f—/

agial image

Electronics
trallers

Catching Neutrinos

About once every 50 minukes, a neutrino in‘eracts ir the detecior
champer, generatng Chersnkoyv ragdiatvon. This opucal eguivalent of
& sonic boom creetas a cone of light that is regsterad on the
pholomultipliers that line the tank. Characteasbc nng patterns tell
physicists what kind of neutrinos inleractad and in which diraction
ey were headed

ACCegs
Conrol wnn2|
rooen {2 ko)
_--l,_ N __.--’"d-’-f-
< = --"-—"‘[_ .’/_;-I’\ A k]
-—"—--.__ ——
h"“"\x . 5 gt
- £ /-__—‘
[\
125 milllon gallon i \
tark of ultra-pure \ \ \
U ~
!“‘_‘h ~
-\-‘_‘_‘_"ﬁ%
Mountains filter ou: other sgnals L S

that mask neutrine detection

/‘-\ A lew neutrines interact
withn the huge tank ol super
/ pure waler generalirg a
< cons of light
S/ z|8R
@ @
= 98 Vi
328 g
2 307
V4
|‘ o | M &
| h ‘ 4 2

AT

Water tank
1.6 km below ground

50 Million liter
ultra-pure water

1 Neutrino-interaction
every 1.5 hours

Neutrino detection
via Cherenkov light

& many PMs
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Mounting of
Photomultiplier Tubes

Total: 11,146 20" pmts
1,885 8" pmits

65



Neutrino Neutrino ™~ o °
\ \ .
Nucleus g i o Electron °°\

Muon or Electron

Cherenkov light Cherenkov light

i_JU'i[\l':.\ rjnit.':-. an elm:tr::arju e I‘J_.»:-urriru:r c..:;_lliu?je?.s_ '.-ui'[_h_p_r:_'_xtcir‘u a_nd
The generated charged particle emits the Cherenkov light. i phslisiesaid neutron to creat an electron or
Direction from cone (with time measurement) Well, there is quite an error

SK-I: 8B Solar Neutrino Flux on the direction ...

C | 1 I __...—I- —.__I l ] I 1 I l I ] I 1 | 1 I 1 I

=

= | 5-20 MeV

o L [May 31st, 1996 — July 15, 2001]

= 2

=2

o | Ve+e+Ve+e[E81

Lﬁ [comparably high x-sec. due to Z-exchange]

1 > sunis
.:ff:f::::::::::::::::::::f:f::::::::ffffffffffff:f:ffffff:fffffffffff:::fffffffff: source of neutrinos
" '|Can measure direction! 22400 + 230 ::::::::::::;"

COS Osun 66



Muon event

603 MeV] Electron event

[492 MeV]

Observation of
clean Cherenkov ring
with sharp edges

Observation of
Cherenkov ring
with fuzzy edge
[from e.m. shower]
Flight direction from
timing measurements
[blue: early; red: late]

Flight direction from
timing measurements
[blue: early; red: late]

Energy from amount

of light observed in PMT: Energy from amount

of light observed in PMTs

?,
s
|

Solar neutrino |
[12.5 MeV] Super-Kamiokande
800
' 1489.2 days
Unusually nice, : y
well-defined 700 | e-like R j-like
4099 3878
Flight direction from - -
timing measurements
[blue: early; red: late] r |
500 ‘
Energy from amount ¢ ®,
of light observed in PMTs aalk - ?
I ® r e
i n? L
300 .f ®
; ¢ L
200 | # |. L]
L3 b é
100 '.'. N b
! Py .’ A8
] .—-.‘z:‘.d — M—-“
20 15 10 5 0 s 10 15 20
Frequency 1/90min PID likelihood, Sub+Multi-GeV, 1-ring event




The Sun Shine with Neutrinos! AT

ctitite af Tachnalagy

The sun seen
through the earth
IN neutrino light

Also here neutrino oscillations:
Only half v,, through earth then
directly from above =»

v, = v, during travel

68



Nobel Prize 2002

. Rungliga_
Svenska VeteisKapsakademion.
fuarden 8 oktober 2002 bestutat
att meed det
NOBELPRIS
som detta dr tillerKnes don som inome
fiysikeres omyilde qjort dent viktigaste

* upptikeen cllaruppfinningot
pted oot Judilfeent gemerntsant belona

Raymiond Davis Ji
' o Masatoshi Rostiioa.
Aor banbrigtinide insatser inom astro-
fusikon, sarskilr for dctektion arr
kgsm.‘s'm Hnatrine”

Raymond
Davis Jr.

[Homestake]

Masatoshi
Koshiba

[Kamiokande]

Riccardo
Giacconi

[X-Ray Sources]



Finding Extraterrestial Neutrinos

Water/ice as medium 2> Cherenkov light > Photomultiplier (PMs)

Baksan




https://icecube.wisc.e«

ICECUBE | F

4 FoLe I8

50 m celop=_—_—~4

Amundsen-—Scott'South

86 strings of DOMs,
set 125 meters apart

IceCube Laboratory

Data is collected here and
sent by sateliite to the data
warehouse at UW-Madison

managed research facility)

T

60 DOMs
on each
string

DOMs
! arel7? __
meters
~ ‘ apart [
Digital Optical 2
Module (DOM) 2450 m
5,160 DOMs R
deployed in the ice S

IceTop is the veto array for IceCube, and is used for cosmic ray showe
It con<icte of two Cherenkov tanke ahove each lceCiibe <trina on the </



?
How does IceCube work? .\&(IT

When a neutrino interacts with the Antarctic ice, it creates other particles. In Kadsrube nstiute of Technology
this event graphic, a muon was created that traveled through the detector Neutrin re not
almost at the speed of light. The pattern and the amount of light recorded eutrinos are no

by the IceCube sensors indicate the particle’s direction and energy. observed directly, but
when they happen to

] b W U b, . interact with the ice
U WO 0 T they produce

{

A e =. (TR RARL AR Y N A electrically charged
\Each DOMis shown  §ilili 1 {1 Color indicates arrival time: [/ /| | d y ti gl
by a white dot A red first, green last L (] secondary particies
LELLEL L ; PN R IR R I that in turn emit
3 o | | Ji it 14 \; s | Cherenkov light, as
| TRE 0Nl LRGN | € & ® | / .
W $ lsUalll| 8818 ¢ 14 8 B a result of traveling
W 1l IS Y o 88 3 if 8 l | through the ice faster
RRALI Y : IS 20 I § 38 8 ¢ than light travels in
Colored ' 15550 g Pathof particle through detector ice =3
spheres show {1} ; WSSt gl Bl | 81 3118 ¢ | ' =
sensors have |||} ; et nrid 180T %
detectedtighelll -~ 3 QI B0 F I 0R 10 (1) | S
Size scateswithiened I ((H00 | 1 Ml [[[]] | | Direction/path from =
amountofrecoraed lights #f | § Il [//!l | | : 3
US>l tianpsl i (10 1 time measurement .
Wl < TSR TR 0 (] | | 2.
date: November 12,2010 duration; 3,800 hanoseconds energy: 71.4TeV <

declination: -0.4° right ascension:110° nickname: Dr. Strangepork



