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35. PARTICLE DETECTORS
FOR NON-ACCELERATOR PHYSICS

Revised 2015. See the various sections for authors.

35.1. Introduction

Non-accelerator experiments have become increasingly ingptant in particle physics.
These include classical cosmic ray experiments, neutrinosgillation measurements, and
searches for double-beta decay, dark matter candidates, ahmagnetic monopoles. The
experimental methods are sometimes those familiar at accetators (plastic scintillators,
drift chambers, TRD's, etc.) but there is also instrumentation either not found at
accelerators or applied in a radically di®erent way. Example are atmospheric scintillation
detectors (Fly's Eye), massive Cherenkov detectors (SupeKamiokande, IceCube),
ultracold solid state detectors (CDMS). And, except for the cosmic ray detectors,
radiologically ultra-pure materials are required.

In this section, some more important detectors special to terestrial non-accelerator
experiments are discussed. Techniques used in both accedéor and non-accelerator
experiments are described in Sec. 28, Particle Detectors ahccelerators, some of which
have been modi ed to accommodate the non-accelerator nuanse

Space-based detectors also use some unique instrumentatidout these are beyond the
present scope of RPP.

35.2. High-energy cosmic-ray hadron and gamma-ray detecto rs

35.2.1. Atmospheric °uorescence detectors :
Revised August 2015 by L.R. Wiencke (Colorado School of Ming.

Cosmic-ray °uorescence detectors (FDs) use the atmospheresaa giant calorimeter
to measure isotropic scintillation light that traces the development pro les of extensive
air showers. An extensive air shower (EAS) is produced by thenteractions of ultra
high-energy E > 107 eV) subatomic particles in the stratosphere and upper tropsphere.
These are the highest energy particles known to exist. The awunt of scintillation light
generated is proportional to energy deposited in the atmospere and nearly independent
of the primary species. Experiments with FDs include the pimeering Fly's Eye [1],
HiRes [2], the Telescope Array [3], and the Pierre Auger Obgeatory (Auger) [4]. The
Auger FD also measures the time development of a class of atrspheric transient luminous
events called "Elves" that are created in the ionosphere abee some thunderstorms [5].
The proposed space based FD instrument [6] by the JEM-EUSO dtaboration would look
down on the earth's atmosphere from space to view a much largearea than ground based
instruments.

The °uorescence light is emitted primarily between 290 and 48 nm (Fig. 35.1),
when relativistic charged particles, primarily electrons and positrons, excite nitrogen
molecules in air, resulting in transitions of the 1P and 2P sywtems. Reviews and
references for the pioneering and recent laboratory measaments of °uorescence yield,
Y (,;P;T;u), including dependence on wavelength (), temperature (T), pressure (),

C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016)
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2 35. Detectors for non-accelerator physics

and humidity (u) may be found in Refs. 7{9. The results of various experimerg have
been combined (Fig. 35.2) to obtain an absolute average andngcertainty for Y (337
nm, 800 hPa, 293 K, dry air) of 7.048 0.24 ph/MeV after corrections for di®erent
electron beam energies and other factors. The units of ph/M¥ correspond to the number
of uorescence photons produced per MeV of energy deposited the atmosphere by the
electromagnetic component of an EAS.
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Figure 35.1: Measured °uorescence spectrum excited by 3 MeV electrons inrg

air at 800 hPa and 293 K [11].

An FD element (telescope) consists of a non-tracking sphecal mirror (3.5{13 m?
and less than astronomical quality), a close-packed \camex" of photomultiplier tubes
(PMTs) (for example, Hamamatsu R9508 or Photonis XP3062) nar the focal plane,
and a °ash ADC readout system with a pulse and track- nding trigger scheme [10].
Simple re°ector optics (12 £ 16" degree “eld of view (FOV) on 256 PMTs) and Schmidt
optics (30* £ 30° FOV on 440 PMTSs), including a correcting element, have been ged.
Segmented mirrors have been fabricated from slumped or sluped/polished glass with
an anodized aluminium coating and from chemically anodizedAIMgSiOs atxed to
shaped aluminum. A broadband UV lter (custom fabricated or Schott MUG-6) reduces
background light such as starlight, airglow, man-made ligh pollution, and airplane
strobelights.

At 1029eV, where the °ux drops below 1 EAS/kmZcentury, the aperture for an eye
of adjacent FD telescopes that span the horizon can reach fOkm? sr. FD operation
requires (nearly) moonless nights and clear atmospheric calitions, which imposes a
duty cycle of about 10%. Arrangements of LEDs, calibrated d®use sources [13], pulsed
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Figure 35.2: Fluoresence yield values “and associated uncertainties at33 nm

(Y 337) in dry air at 800 hPa and 293 K (Figure from [12]) . The methoddogy
and corrections that were applied to obtain the average and he uncertainty
are discussed extensively in this reference. The vertical xés denotes di®erent
laboratory experiments that measured FY. The gray bars showthree of the original
measurements to illustrate the scale of the corrections apped.

UV lasers [14], LIDARs* and cloud monitors are used for photanetric calibration,
atmospheric calibration [15], and determination of exposue [16].

The EAS generates a track consistent with a light source mowig at v = ¢ across
the FOV. The number of photons (N-) as a function of atmospheric depth (X) can be
expressed as [8]

z
dNe  dEY!
o = ax YGPITIU) Gam (X ) Eep (), (35:1)

where ¢éatm (,; X ) is the atmospheric transmission, including wavelength () dependence,
and "gp(,) is the FD exciency. "gp(, ) includes geometric factors and collection
exciency of the optics, quantum ezciency of the PMTs, and other throughput factors.
The typical systematic uncertainties, ¢atm (10%) and"gp (photometric calibration 10%),
currently dominate the total reconstructed EAS energy uncetainty. ¢ E=E of 20% is
possible, provided the geometric t of the EAS axis is constraned typically by multi-eye
stereo projection, or by timing from a colocated sparse arrg of surface detectors.

* "LIDAR stands for "Light Detection and Ranging" and refers here to systems that
measure atmospheric properties from the light scattered bekwards from laser pulses di-
rected into the sky.
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4 35. Detectors for non-accelerator physics

Analysis methods to reconstruct the EAS pro le and deconvolue the contributions
of re-scattered scintillation light, and direct and scattered Cherenkov light are described
in [1] and more recently in [17]. The EAS energy is typically dotained by integrating
over the Gaisser-Hillas function [18]

Z,

Ecal = Wmax - ———w—
0 Xmaxi Xo

Mo X TXmaxi X0)=
X i Xo (Xmaxi Xo)=, e(x maxj X )=, dXx (35:2)

where X max IS the depth at which the shower reaches its maximum energy q®osit Wmax .
Xo and , are two shape parameters.

35.2.2. Atmospheric Cherenkov telescopes for high-energy ° -ray astronomy
Revised November 2015 by J. Holder (Dept. of Physics and Astinomy & Bartol Research
Inst., Univ. of Delaware).

A wide variety of astrophysical objects are now known to prodice high-energy® -ray
photons. Leptonic or hadronic particles, accelerated to riativistic energies in the source,
produce °-rays typically through inverse Compton boosting of ambiert photons or
through the decay of neutral pions produced in hadronic inteactions. At energies below
» 30 GeV, °-ray emission can be ezxciently detected using satellite or bloon-borne
instrumentation, with an e®ective area approximately equalto the size of the detector
(typically < 1 m?). At higher energies, a technique with much larger e®ective alection
area is required to measure astrophysicaP -ray °uxes, which decrease rapidly with
increasing energy. Atmospheric Cherenkov detectors achve e®ective collection areas of
>10° m? by employing the Earth's atmosphere as an intrinsic part of the detection
technique.

As described in Chapter 29, a hadronic cosmic ray or high engy °-ray incident on
the Earth's atmosphere triggers a particle cascade, or air lsower. Relativistic charged
particles in the cascade generate Cherenkov radiation, wkh is emitted along the shower
direction, resulting in a light pool on the ground with a radi us of » 130 m. Cherenkov
light is produced throughout the cascade development, withthe maximum emission
occurring when the number of particles in the cascade is larggst, at an altitude of » 10 km
for primary energies of 100 GeV{l TeV. Following absorption and scattering in the
atmosphere, the Cherenkov light at ground level peaks at a weelength, , % 300{350 nm.
The photon density is typically » 100 photons/m? for a 1 TeV primary, arriving in a brief
°ash of a few nanoseconds duration. This Cherenkov pulse canebdetected from any
point within the light pool radius by using large re°ecting surfaces to focus the Cherenkov
light on to fast photon detectors (Fig. 35.3).

Modern atmospheric Cherenkov telescopes, such as those buand operated by the
VERITAS [19], H.E.S.S. [20] and MAGIC [21] collaborations, consist of large & 100 n?)
segmented mirrors on steerable altitude-azimuth mounts. Acamera made from an array
of photosensors is placed at the focus of each mirror and used record a Cherenkov image
of each air shower. In these imaging atmospheric Cherenkovetescopes, single-anode
photomultipliers tubes (PMTs) have traditionally been used (2048, in the case of H.E.S.S.
[1), but multi-anode PMTs and silicon devices now feature in more modern designs.
The telescope cameras typically cover a “eld-of-view of 3 5* in diameter. Images are

October 4, 2016 17:46



35. Detectors for non-accelerator physics 5

Figure 35.3: A schematic illustration of an imaging atmospheric Cherenlov
telescope array. The primary particle initiates an air shower, resulting in a cone of
Cherenkov radiation. Telescopes within the Cherenkov ligh pool record elliptical
images; the intersection of the long axes of these images iidtes the arrival
direction of the primary, and hence the location of a®-ray source in the sky.

recorded at kHz rates, the vast majority of which are due to slowers with hadronic
cosmic-ray primaries. The shape and orientation of the Chegnkov images are used to
discriminate °-ray photon events from this cosmic-ray background, and to econstruct
the photon energy and arrival direction. °-ray images result from purely electromagnetic
cascades and appear as narrow, elongated ellipses in the cara plane. The long axis
of the ellipse corresponds to the vertical extension of the ia shower, and it points back
towards the source position in the eld-of-view. If multiple telescopes are used to view
the same shower (\stereoscopy"), the source position is siply the intersection point of
the various image axes. Cosmic-ray primaries produce secdaries with large transverse
momenta, which initiate sub-showers. Their images are corexjuently wider and less
regular than those with °-ray primaries and, since the original charged particle hadeen
de’ected by Galactic magnetic elds before reaching the Earth the images have no
preferred orientation.

The measurable di®erences in Cherenkov image orientation dnmorphology provide
the background discrimination which makes ground-based° -ray astronomy possible.
For point-like sources, such as distant active galactic nulei, modern instruments can
reject over 99.999% of the triggered cosmic-ray events, wia retaining up to 50% of the
°-ray population. In the case of spatially extended sourcessuch as Galactic supernova
remnants, the background rejection is less excient, but the echnique can be used to
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6 35. Detectors for non-accelerator physics

produce °-ray maps of the emission from the source. The angular resolion depends
upon the number of telescopes which view the image and the ergy of the primary ° -ray,
but is typically less than 0:1* per event (68% containment radius) at energies above a few
hundred GeV.

The total Cherenkov yield from the air shower is proportional to the energy of the
primary particle. The image intensity, combined with the re constructed distance of the
shower core from each telescope, can therefore be used toigsite the primary energy.
The energy resolution of this technique, also energy-depeent, is typically 15{20% at
energies above a few hundred GeV. Energy spectra ¢f-ray sources can be measured
over a wide range, depending upon the instrument charactestics, source properties (°ux,
spectral slope, elevation anglegetc.), and exposure time: the H.E.S.S. measurement of
the hard spectrum supernova remnant RX J1713.7-3946 exterglto 100 TeV [22], for
example, while pulsed emission from the Crab Pulsar has beedetected at 25 GeV [23].
In general, peak sensitivity lies in the range from 100 GeV toa few TeV.

The rst astrophysical source to be convincingly detected usg the imaging
atmospheric Cherenkov technique was the Crab Nebula [24], ih an integral °ux of
2:1£ 10 11 photons cm 2 s 1 above 1 TeV [25]. Modern imaging atmospheric Cherenkov
telescopes have sensitivity sutcient to detect sources withless than 1% of the Crab
Nebula °ux in a few tens of hours. The TeV source catalog now casists of more than 160
sources (see e.g. Ref. 26). The majority of these were detect by scanning the Galactic
plane from the southern hemisphere with the H.E.S.S. telesipe array [27].

Major upgrades of the existing telescope arrays have recelgtbeen completed, including
the addition of a 28 m diameter central telescope to H.E.S.S(H.E.S.S. Il). Development
is also underway for the next generation instrument, the Cheenkov Telescope Array
(CTA), which will consist of a northern and a southern hemisphere observatory, with a
combined total of more than 100 telescopes [28]. Telescopes$ three di®erent sizes are
planned, spread over an area of 1 km?2, providing wider energy coverage, improved
angular and energy resolutions, and an order of magnitude iprovement in sensitivity
relative to existing imaging atmospheric Cherenkov telesopes. Baseline telescope designs
are similar to existing devices, but exploit technologicaldevelopments such as dual mirror
optics and silicon photo-detectors.

35.3. Large neutrino detectors

35.3.1. Deep liquid detectors for rare processes :
Revised August 2015 by K. Scholberg & C.W. Walter (Duke Univeasity)

Deep, large detectors for rare processes tend to be multi-ppose with physics reach
that includes not only solar, reactor, supernova and atmosperic neutrinos, but also
searches for baryon number violation, searches for exotic gsticles such as magnetic
monopoles, and neutrino and cosmic-ray astrophysics in di®ent energy regimes. The
detectors may also serve as targets for long-baseline neuto beams for neutrino
oscillation physics studies. In general, detector designansiderations can be divided into
high-and low-energy regimes, for which background and evémeconstruction issues di®er.
The high-energy regime, from about 100 MeV to a few hundred G¥, is relevant for
proton decay searches, atmospheric neutrinos and high-ergy astrophysical neutrinos.
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Table 35.1:
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Z

Properties of large detectors for rare processes. If total arget mass is
divided into large submodules, the number of subdetectorss indicated in parentheses.

Detector Mass, kton PMTs » p.e./MeV Dates
(modules) (diameter, cm)
Baksan 0.33, scint (3150) 1/module (15) segmented 40 1980{
MACRO 0.56, scint (476) 2-4/module (20) segmented 18 1989{@00
LvD 1, scint. (840) 3/module (15) segmented 15 1992{
KamLAND 0.417, scint 1325(43)+554(51)* 34% 460 2002{
Borexino 0.1, scint 2212 (20) 30% 500 20074
SNO+ 0.78, scint 9438 (20) 54% 400{900 2016 (exp.)
CHOOZ  0.005, scint(Gd) 192 (20) 15% 130 1997{1998
Double Chooz 0.017, scint (Gd)(2) 534/module (20) 13% 180 201 {
Daya Bay  0.160, scint(Gd)(8)  192/module (20) 5.6% 100 2011{
RENO  0.032, scint(Gd)(2)  342/module (25) 12.6% 100 20114
IMB-1 3.3, H>O 2048 (12.5) 1% 0.25 1982{1985
IMB-2 3.3, H,0 2048 (20) 4.5% 1.1 1987{1990
Kam | 0.88/0.78", H>O 1000/948 (50) 20% 3.4 1983{1985
Kam Il 1.04f, H>O 948 (50) 20% 3.4 1986{1990
Kam Il 1.047, H,0 948 (50) 209% 4.3 1990{1995
SK | 225, H,0O 11146 (50) 39% 6 1996{2001
SK 11 225", H>O 5182 (50) 19% 3 2002{2005
SK 11+ 225% H,0 11129 (50) 39% 6 2006{
SNO 1, D,O/1.7, H,0 9438 (20) 31%% 9 1999{2006

f indicates typical ducial mass used for data analysis; this nay vary by physics topic.
* Measurements made before 2003 only considered data from ¢43 cm PMTSs.

y The e®ective Daya Bay coverage is 12% with top and bottom re°edrs.

z The e®ective Kamiokande IlI coverage was 25% with light colletors.
X The e®ective SNO coverage was 54% with light collectors.

The low-energy regime (a few tens of MeV or less) is relevanbf supernova, solar, reactor
and geological neutrinos.
Large water Cherenkov and scintillator detectors (see Tab¢ 35.1) usually consist of a
volume of transparent liquid viewed by photomultiplier tub es (PMTs) (see Sec. 34.2);
the liquid serves as active target. PMT hit charges and timesare recorded and digitized,
and triggering is usually based on coincidence of PMT hits wthin a time window
comparable to the detector's light-crossing time. Becauseghotosensors lining an inner
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8 35. Detectors for non-accelerator physics

surface represent a driving cost that scales as surface aresery large volumes can be
used for comparatively reasonable cost. Some detectors asegmented into subvolumes
individually viewed by PMTs, and may include other detector elements g.g. tracking
detectors). Devices to increase light collectionge.g. re°ectors or waveshifter plates, may
be employed. A common con guration is to have at least one corentric outer layer of
liquid material separated from the inner part of the detector to serve as shielding against
ambient background. If optically separated and instrumented with PMTs, an outer layer
may also serve as an active veto against entering cosmic ragsd other background events.
The PMTs for large detectors typically range in size from 20 en to 50 cm diameter, and
typical quantum ezciencies are in the 20{25% range for scintilation and water-Cherenkov
photons. PMTs with higher quantum ezxciencies, 35% or higher, have recently become
available. The active liquid volume requires puri cation and there may be continuous
recirculation of liquid. For large homogeneous detectorsthe event interaction vertex is
determined using relative timing of PMT hits, and energy deposition is determined from
the number of recorded photoelectrons. A \ ducial volume" is usually de ned within the
full detector volume, some distance away from the PMT array. Inside the ducial volume,
enough PMTs are illuminated per event that reconstruction is considered reliable, and
furthermore, entering background from the enclosing wallsis suppressed by a bu®er of
self-shielding. PMT and detector optical parameters are chbrated using laser, LED, or
other light sources. Quality of event reconstruction typically depends on photoelectron
yield, pixelization and timing.

Because in most cases one is searching for rare events, ladgtectors are usually sited
underground to reduce cosmic-ray-related background (se€hapter 29). The minimum
depth required varies according to the physics goals [29].

35.3.1.1. Liquid scintillator detectors:

Past and current large underground detectors based on hydrarbon scintillators
include LvVD, MACRO, Baksan, Borexino, KamLAND and SNO+. Exp eriments at
nuclear reactors include CHOOZ, Double CHOOZ, Daya Bay, andRENO. Organic
liquid scintillators (see Sec. 34.3.0) for large detectorare chosen for high light yield and
attenuation length, good stability, compatibility with ot her detector materials, high °ash
point, low toxicity, appropriate density for mechanical stability, and low cost. They may
be doped with waveshifters and stabilizing agents. Popularchoices are pseudocumene
(1,2,4-trimethylbenzene) with a few g/L of the PPO (2,5-diphenyloxazole) °uor, and
linear alkylbenzene (LAB). In a typical detector con gurati on there will be active or
passive regions of undoped scintillator, non-scintillathg mineral oil or water surrounding
the inner neutrino target volume. A thin vessel or balloon made of nylon, acrylic or
other material transparent to scintillation light may cont ain the inner target; if the
scintillator is buoyant with respect to its bu®er, ropes may lold the balloon in place.
For phototube surface coverages in the 20{40% range, yields the few hundreds of
photoelectrorﬁ,s per MeV of energy deposition can be obtainedTypical energy resolution
is about 7%= E(MeV), and typical position reconstruction resolution is a few tens of cm

at » 1 MeV, scaling as» Ni 12 where N is the number of photoelectrons detected.
Shallow detectors for reactor neutrino oscillation experments require excellent muon
veto capabilities. For 2¢ detection via inverse beta decay on free protons2d+ p! n+ e,
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the neutron is captured by a proton on a» 1801 s timescale, resulting in a 2.2 MeV° ray,
observable by Compton scattering and which can be used as a gain coincidence with
the positron signal. The positron annihilation ° rays may also contribute. Inverse beta
decay tagging may be improved by addition of Gd at» 0.1% by mass, which for natural
isotope abundance has a 49,000 barn cross-section for neutron capture (in contrasto

the 0.3 barn cross-section for capture on free protons). Gdapture takes » 30 1's, and

is followed by a cascade of rays adding up to about 8 MeV. Gadolinium doping of

scintillator requires specialized formulation to ensure aequate attenuation length and

stability.

Scintillation detectors have an advantage over water Cherskov detectors in the
lack of Cherenkov threshold and the high light yield. Howeve, scintillation light
emission is nearly isotropic, and therefore directional cpabilities are relatively weak.
Liquid scintillator is especially suitable for detection of low-energy events. Radioactive
backgrounds are a serious issue, and include long-lived gosgenics. To go below a few
MeV, very careful selection of materials and puri cation of the scintillator is required
(see Sec. 35.6). Fiducialization and tagging can reduce blkground. One can also dissolve
neutrinoless double beta decay (® ) isotopes in scintillator. This has been realized by
KamLAND-Zen, which deployed a 1.5 m-radius balloon containng enriched Xe dissolved
in scintillator inside KamLAND, and 13%Te is planned for SNO+. Although for this
approach, energy resolution is poor compared to other © search experiments, the
guantity of isotope can be so large that the kinematic signatire of ®  would be visible
as a clear feature in the spectrum.

35.3.1.2. Water Cherenkov detectors:

Very large imaging water detectors reconstruct ten-meterscale Cherenkov rings
produced by charged particles (see Sec. 34.5.0). The rst shdarge detectors were IMB
and Kamiokande. The only currently existing instance of this class of detector, with
“ducial volume of 22.5 kton and total mass of 50 kton, is SuperKamiokande (Super-K).
For volumes of this scale, absorption and scattering of Cheankov light are non-negligible,
and a wavelength-dependent factor exp{ d=L(, )) (where d is the distance from emission
to the sensor andL (, ) is the attenuation length of the medium) must be included in the
integral of Eq. (34:5) for the photoelectron yield. Attenuation lengths on the order of
100 meters have been achieved.

Cherenkov detectors are excellent electromagnetic calameters, and the number of
Cherenkov photons produced by ane=° is nearly proportional to its kinetic energy.
For massive particles, the number of photons produced is atsrelated to the energy,
but not linearly. For any type of particle, the visible energyE,;s is de ned as the
energy of an electron which would produce the same number of li&renkov photons.
The number of collected photoelectrons depends on the scaiting and attenuation in
the water along with the photo-cathode coverage, quantum etdency and the optical
parameters of any external light collection systems or proéctive material surrounding
them. Event-by-event corrections are made for geometry andattenuation. For a typical
case, in water Np.e: » 15» Eyis(MeV), where » is the e®ective fractional photosensor
coverage. Cherenkov photoelectron yield per MeV of energysirelatively small compared
to that for scintillator, e.g, » 6 pe/MeV for Super-K with a PMT surface coverage of
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10 35. Detectors for non-accelerator physics

» 40%. In spite of light yield and Cherenkov threshold issuesthe intrinsic directionality
of Cherenkov light allows individual particle tracks to be reconstructed. Vertex and
direction ts are performed using PMT hit charges and times, requiring that the hit

pattern be consistent with a Cherenkov ring.

High-energy (» 100 MeV or more) neutrinos from the atmosphere or beams inteact
with nucleons; for the nucleons bound inside thel®O nucleus, nuclear e®ects must be
considered both at the interaction and as the particles leae the nucleus. Various event
topologies can be distinguished by their timing and t patterns, and by presence or
absence of light in a veto. \Fully-contained" events are those for which the neutrino
interaction nal state particles do not leave the inner part of the detector; these have
their energies relatively well measured. Neutrino interations for which the lepton is
not contained in the inner detector sample have higher-enggy parent neutrino energy
distributions. For example, in \partially-contained" eve nts, the neutrino interacts inside
the inner part of the detector but the lepton (almost always a muon, since only muons
are penetrating) exits. \Upward-going muons" can arise fran neutrinos which interact in
the rock below the detector and create muons which enter the étector and either stop,
or go all the way through (entering downward-going muons canot be distinguished from
cosmic rays). At high energies, multi-photoelectron hits ae likely and the charge collected
by each PMT (rather than the number of PMTs ring) must be used; this degrades
the energy resolution to approximately 2% » E,js(GeV). The absolute energy scale in
this regime can be known to» 2{3% using cosmic-ray muon energy deposition, Michel
electrons and¥# from atmospheric neutrino interactions. Typical vertex resolutions for
GeV energies are a few tens of cm [30]. Angular resolution fodetermination of the
direction of a charged particle track is a few degrees. For aeutrino interaction, because
some nal-state particles are usually below Cherenkov threlsold, knowledge of direction of
the incoming neutrino direction itself is generally worse han that of the lepton direction,
and dependent on neutrino energy.

Multiple particles in an interaction (so long as they are abose Cherenkov threshold)
may be reconstructed, allowing for the exclusive reconstration of nal states. In searches
for proton decay, multiple particles can be kinematically reconstructed to form a decaying
nucleon. High-quality particle identi cation is also possible: ° rays and electrons shower,
and electrons scatter, which results in fuzzy rings, wheres muons, pions and protons
make sharp rings. These patterns can be quantitatively sepated with high reliability
using maximum likelihood methods [31]. Ae=! misidenti cation probability of » 0:4%=»
in the sub-GeV range is consistent with the performance of sesral experiments for
4% < » < 40%. Sources of background for high energy interactions itede misidenti ed
cosmic muons and anomalous light patterns when the PMTs sontanes \°ash” and
emit photons themselves. The latter class of events can be meoved using its distinctive
PMT signal patterns, which may be repeated. More information about high energy event
selection and reconstruction may be found in reference [32]

In spite of the fairly low light yield, large water Cherenkov detectors may be
employed for reconstructing low-energy events, down te.g. » 4-5 MeV for Super-K [33].
Low-energy neutrino interactions of solar neutrinos in waer are predominantly elastic
scattering o® atomic electrons; single electron events arthen reconstructed. At solar
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neutrino energies, the visible energy resolution % 300/(Fp » Eyis(MeV)) is about 20%
worse than photoelectron counting statistics would imply. Using an electron LINAC
and/or nuclear sources, approximately 0.5% determinationof the absolute energy scale
has been achieved at solar neutrino energies. Angular resdlon is limited by multiple
scattering in this energy regime (25{3%). At these energies, radioactive backgrounds
become a dominant issue. These backgrounds include radon ithe water itself or
emanated from detector materials, and® rays from the rock and detector materials.
In the few to few tens of MeV range, radioactive products of cemic-ray-muon-induced
spallation are troublesome, and are removed by proximity intime and space to preceding
muons, at some cost in dead time. Gadolinium doping using 0% Gdx(SOg4)3 is planned
for Super-K to improve selection of low-energy°t and other events with accompanying
neutrons [34].

The Sudbury Neutrino Observatory (SNO) detector [35] is the only instance of a large
heavy water detector and deserves mention here. In additioio an outer 1.7 kton of light
water, SNO contained 1 kton of D,O, giving it unique sensitivity to neutrino neutral
current (°x+d! ©°,+ p+ n), and charged current ®c+ d! p+ p+ €' ) deuteron breakup
reactions. The neutrons were detected in three ways: In the st phase, via the reaction
n+d! t+°+6:25 MeV; Cherenkov radiation from electrons Compton-scatteed by the
° rays was observed. In the second phase, NaCl was dissolvedtire water. 3°Cl captures
neutrons, n + 3°CI 1 36Cl+ ° +8:6 MeV. The ° rays were observed via Compton
scattering. In a nal phase, specialized low-background®He counters (\neutral current
detectors” or NCDs) were deployed in the detector. These conters detected neutrons
vian+ 3He! p+ t+0:76 MeV; ionization charge from energy loss of the products wa
recorded in proportional counters.

35.3.2.  Neutrino telescopes
Revised Nov. 2015 by Ch. Spiering (DESY/Zeuthen) and U.F. Kaz (Univ. Erlangen)

The primary goal of neutrino telescopes (NTS) is the detecton of astrophysical
neutrinos, in particularly those which are expected to accopany the production of
high-energy cosmic rays in astrophysical accelerators. N in addition address a variety
of other fundamental physics issues like indirect search fodark matter, study of neutrino
oscillations, search for exotic particles like magnetic moopoles or study of cosmic rays
and their interactions [36,37,38].

NTs are large-volume arrays of \optical modules” (OMs) installed in open transparent
media like water or ice, at depths that completely block the daylight. The OMs record
the Cherenkov light induced by charged secondary particlegproduced in reactions of
high-energy neutrinos in or around the instrumented volume The neutrino energy, Eo,
and direction can be reconstructed from the hit pattern recaded. NTSs typically target an
energy rangeEo. & 100 GeV; sensitivity to lower energies is achieved in dedi¢ad setups
with denser instrumentation.

In detecting cosmic neutrinos, three sources of backgrourslhave to be considered:
(i) atmospheric neutrinos from cosmic-ray interactions in the atmosphere, which can ke
separated from cosmic neutrinos only on a statistical basis(ii) down-going punch-through
atmospheric muonsfrom cosmic-ray interactions, which are suppressed by seva orders
of magnitude with respect to the ground level due to the largedetector depths. They
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12 35. Detectors for non-accelerator physics

can be further reduced by selecting upward-going or high-eergy muons or by self-veto
methods sensitive to the muon entering the detector; (iii) mandom backgrounds due to
photomultiplier (PMT) dark counts, “4°K decays (mainly in sea water) or bioluminescence
(only water), which impact adversely on event recognition and reconstruction. Note that
atmospheric neutrinos and muons allow for investigating netrino oscillations and cosmic
ray anisotropies, respectively.

Recently, it has become obvious that a precise measurementf ahe energy-zenith-
distribution of atmospheric neutrinos may allow for determining the neutrino mass
hierarchy by exploiting matter-induced oscillation e®ectsin the Earth.

Neutrinos can interact with target nucleons N through charged current (°<N I * X,
CC) or neutral current (°=N ! ©<X, NC) processes. A CC reaction of a°i produces
a muon track and a hadronic particle cascade, whereas all NCeactions and CC
reactions of “¢ produce particle cascades only. CC interactions of°; can have either
signature, depending on the¢ decay mode. In most astrophysical models, neutrinos
are produced through the %=K! 1 ! e decay chain, i.e., with a °avour ratio
%e:% :9,%1:2:0. For sources outside the solar system, neutrino oskitions turn this
ratio to °g:° :°, ¥%1:1:1 upon arrival on Earth.

The total neutrino-nucleon cross section is about 103°cm? at Eo = 1TeV and
rises roughly linearly with Eo below this energy and asE®305 above, °attening
out towards high energies. The CC:NC cross-section ratio isabout 2:1. At energies
above some TeV, neutrino absorption in the Earth becomes nateable; for vertically
upward-moving neutrinos (zenith angle = 180%), the survival probability is 74 (27 ;< 2)%
for 10 (100 1000) TeV. On average, between 50% (65%) and 75% & is transfered to
the nal-state lepton in neutrino (antineutrino) reactions between 100 GeV and 10 PeV.

The _nal-st&te lepton follows the initial neutrino directio n with a RMS mismatch angle
Mo i ¥ 1:5*= Eo [TeV], indicating the intrinsic kinematic limit to the angu lar resolution
of NTs. For CC 1 reactions at energies above about 10 TeV, the angular resadiion is
dominated by the muon reconstruction accuracy of a few time:1* at most. For muon
energiesE: & 1TeV, the increasing light emission due to radiative proceses allows for
reconstructing E: from the measureddE: =dx with an accuracy of ¥{log E:) ¥4 0:3; at
lower energies,E: can be estimated from the length of the muon track if it is contained
in the detector. These properties make CC:°i reactions the prime channel for the
identi cation of individual astrophysical neutrino sources.

Hadronic and electromagnetic particle cascades at the relant energies are 5{20m
long, i.e., short compared to typical distances between OMs. The totalamount of
Cherenkov light provides a direct measurement of the cascaal energy with an accuracy
of about 20% at energies above 10 TeV and 10% beyond 100 TeV fewvents contained
in the instrumented volume. Neutrino °avour and reaction mechanism can, however,
hardly be determined and neutrinos from NC reactions or¢ decays may carry away
signi cant \invisible" energy. Above 100 TeV, the direction al reconstruction accuracy
of cascades is 10{15degrees in polar ice and about 2 degreeswater, the di®erence
being due to the inhomogeneity of the ice and the stronger ligt scattering in ice. These
features, together with the small background of atmosphert ¢ and °; events, makes the
cascade channel particularly interesting for searches foa di®use, high-energy excess of
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Figure 35.4: E®ective °i area for IceCube as an example of a cubic-kilometre
NT, as a function of neutrino energy for three intervals of the zenith anglep. The
e®ective areas shown here correspond to a speci ¢ event selentfor point source

searches.

extraterrestrial over atmospheric neutrinos. In water, cascade events can also be used for
the search for point sources of cosmic neutrinos. The infeor angular accuracy compared
to muon tracks, however, leads to a higher number of backgraod events per source from
atmospheric neutrinos.

The detection exciency of a NT is quanti ed by its e®ective area,e.g, the ctitious
area for which the full incoming neutrino °ux would be recorded (see Fig. 35.4).
The increase with Eo is due to the rise of neutrino cross section and muon range,
while neutrino absorption in the Earth causes the decrease talarge . ldenti cation of
downward-going neutrinos requires strong cuts against atmspheric muons, hence the
cut-o® towards lowE.. Due to the small cross section, the e®ective area is many onde
of magnitude smaller than the geometrical dimension of the dtector; a °1 with 1TeV
can, e.g, be detected with a probability of the order 10 © if the telescope is on its path.

Detection of upward going muons makes the e®ective volume ohé detector much
larger than its geometrical volume. The method, however, isonly sensitive to CC ©1
interactions and cannot be extended much more than 5{10 degres above the geometric
horizon, where the background of atmospheric muons becomgsohibitive. Alternatively,
one can select events that start inside the instrumented valme. In contrast to neutrinos,
incoming muons generate early hits in the outer layers of thedetector. Such a veto-based
event selection is sensitive to neutrinos of all °avours fromall directions, albeit with a
reduced e®ective volume since a part of the instrumented vohlae is sacri ced for the
veto. The muon veto also rejects down-going atmospheric ndtinos that typically are
accompanied by muons in the same air shower and thus reducebd atmospheric-neutrino
background. Actually, the breakthrough in detecting high-energy cosmic neutrinos has
been achieved with this technique.

Note that the elds of view of NTs at the South Pole and in the Northern hemisphere
are complementary for each reaction channel and neutrino esrgy.
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Table 35.2: Past, present and planned neutrino telescope projects andhieir main
parameters. The milestone years give the times of project sirt, of rst data taking
with partial con gurations, of detector completion, and of project termination.
Projects with rst data expected past 2020 are indicated in italics. The size refers to
the largest instrumented volume reached during the projectdevelopment. See [38]
for references to the di®erent projects where unspeci ed.

Experiment, Medium, Size Remarks

Milestones Location [km?]

DUMAND, Paci c/Hawaii Terminated due to

1978/{/{/1995 technical/funding problems
NT-200 Lake Baikal 10 4 First proof of principle
1980/1993/1998/{

GVD [39] Lake Baikal 0.5{1.5 High-energy® astronomy,
2012/2015/{K “rst cluster installed

NESTOR Med. Sea 2004 data taking with prototype
1991 /41{K

NEMO Med. Sea R&D project, prototype tests
1998/{/{/{

AMANDA Ice/South Pole 0.015 First deep-ice neutrino telesmpe
1990/1996/2000/2009

ANTARES Med. Sea 0.010 First deep-sea neutrino telescope
1997/2006/2008/2016

IceCube Ice/South Pole 1.0 First knP-sized detector
2001/2005/2010/4

PINGU [40] Ice/South Pole 0.003 Planned low-energy extension
201441/ of IceCube

IceCube-Gen2[41] Ice/South Pole 5{10 Planned high-energy extension
2014K1{K

KM3NeT/ARCA Med. Sea 1{2 First construction phase started
2013/(2017)KK

KM3NeT/ORCA Med. Sea 0.003 Low-energy con guration for
2014/(2017)KK neutrino mass hierarchy
KM3NeT Phase 3 Med. Sea 3{6 6 building blocks + ORCA
201341
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35.3.2.1. Properties of media:

The exciency and quality of event reconstruction depend strangly on the optical
properties (absorption and scattering length, intrinsic optical activity) of the medium
in the spectral range of bialkali photocathodes (300{550nn Large absorption lengths
result in a better light collection, large scattering lengths in superior angular resolution.
Deep-sea sites typically have e®ective scattering lengthsf @ 100 m and, at their peak
transparency around 450 nm, absorption lengths of 50{65m. e absorption length for
Lake Baikal is 22{24 m. The properties of South Polar ice varystrongly with depth; at
the peak transparency wave length (400 nm), the scatteringéngth is between 5 and 75m
and the absorption length between 15 and 250 m, with the bestalues in the depth region
2200{2450 m and the worst ones in the layer 1950{2100 m.

Noise rates measured by 25cm PMTs in deep polar ice are about®kHz per PMT
and almost entirely due to radioactivity in the OM components. The corresponding rates
in sea water are typically 60 kHz, mostly due to“°K decays. Bioluminescence activity
can locally cause rates on the MHz scale for seconds; the fregnce and intensity of such
\bursts" depends strongly on the sea current, the season, te geographic location, and
the detector geometry. Experience from ANTARES shows that these backgrounds are
manageable without a major loss of exciency or experimental esolution.

35.3.2.2. Technical realisation:

Optical modules (OMs) and PMTs: An OM is a pressure-tight glass sphere housing
one or several PMTs with a time resolution in the nanosecond ange, and in most
cases also electronics for control, HV generation, operain of calibration LEDs, time
synchronisation and signal digitisation.

Hybrid PMTs with 37cm diameter have been used for NT-200, comentional
hemispheric PMTs for AMANDA (20 cm) and for ANTARES, IceCube and Baikal-GVD
(25cm). A novel concept has been chosen for KM3NeT. The OMs @cm) are equipped
with 31 PMTs (7.5cm), plus control, calibration and digitis ation electronics. The main
advantages are that (i) the overall photocathode area exce#s that of a 25cm PMT by
more than a factor of 3; (ii) the individual readout of the PMT s results in a very good
separation between one- and two-photoelectron signals wbi is essential for online data
‘Ttering and random background suppression; (iii) the hit pattern on an OM provides
directional information; (iv) no mu-metal shielding against the Earth magnetic eld is
required. Figure 35.5 shows the OM designs of IceCube and KM&T.

Readout and data Ttering: In current NTs the PMT data are digitised in situ, for
ANTARES and Baikal-GVD in special electronics containers dose to the OMs, for
IceCube and KM3NeT inside the OMs. For IceCube, data are trarsmitted via electrical
cables of up to 3.3km length, depending on the location of thestrings and the depth of
the OMs; for ANTARES, KM3NeT and Baikal-GVD optical bre conn ections have been
chosen (several 10 km for the rst two and 4 km for GVD).

The full digitised waveforms of the IceCube OMs are transmited to the surface for
pulses appearing in local coincidences on a string; for otheulses, only time and charge
information is provided. For ANTARES (time and charge) and K M3NeT (time over
threshold), all PMT signals above an adjustable noise threkold are sent to shore.

The raw data are subsequently processed on online computearims, where multiplicity
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Figure 35.5: Schematic views of the digital OMs of IceCube (left) and KM3NeT
(right).

and topology-driven Tter algorithms are applied to select event candidates. The Tter
output data rate is about 10 GByte/day for ANTARES and of the o rder 1 TByte/day for
IceCube (100 GByte/day transfered via satellite) and KM3NeT.

Calibration: For excient event recognition and reconstruction, the OM timing must be
synchronised at the few-nanosecond level and the OM positits and orientations must be
known to a few 10cm and a few degrees, respectively. Time chhation is achieved by
sending synchronisation signals to the OM electronics andlao by light calibration signals
emitted by LED or laser °ashers emitted in situ at known times (ANTARES, KM3NeT).
Precise position calibration is achieved by measuring the ravel time of light calibration
signals sent from OM to OM (IlceCube) or acoustic signals senfrom transducers at
the sea °oor to receivers on the detector strings (ANTARES, KM3NeT, Baikal-GVD).
Absolute pointing and angular resolution can be determinedby measuring the \shadow of
the moon" (i.e., the directional depletion of muons generated in cosmic-na interactions).
IceCube has shown that both are below %, con rming MC calculations which indicate
a precision of ¥ 0:5% for energies above 10 TeV. For KM3NeT, simulations indicatethat
sub-degree precision in the absolute pointing can be reactewithin a few weeks of
operation.

Detector con gurations: IceCube (see Fig. 35.6) consists of 5160 Digital OMs (DOMs)
installed on 86 strings at depths of 1450 to 2450m in the Antactic ice; except for the
DeepCore region, string distances are 125m and vertical diances between OMs 17 m.
324 further DOMs are installed in IceTop, an array of detecta stations on the ice surface
above the strings. DeepCore is a high-density sub-array atdrge depths {.e., in the best
ice layer) at the centre of IceCube.

The NT200 detector in Lake Baikal at a depth of 1100 m consistsof 8 strings
attached to an umbrella-like frame, with 12 pairs of OMs per dring. The diameter of the
instrumented volume is 42m, its height 70 m. The Baikal colldoration has installed the
“rst cluster of a future cubic-kilometre array. A rst phase, c overing a volume of about
0.4km3, will consist of 12 clusters, each with 192{288 OMs at 8 striigs; its completion is
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Figure 35.6: Schematic view of the IceCube neutrino observatory comprisig the
deep-ice detector including its nested dense part DeepCoreand the surface air
shower array IceTop. The IceCube Lab houses data acquisitio electronics and the
computer farm for online processing. Operation of AMANDA was terminated in
2009.

scheduled for 2020. A next stage could comprise 27 clustersié cover up to 1.5 knp.

ANTARES comprises 12 strings with lateral separations of 6§70 m, each carrying
25 triplets of OMs at vertical distances of 14.5m. The OMs arelocated at depths
2.1{2.4km, starting 100m above the sea °oor. A further string carries devices for
calibration and environmental monitoring. A system to investigate the feasibility of
acoustic neutrino detection is also implemented.

KM3NeT will consist of building blocks of 115 strings each, vith 18 OMs per string.
Prototype operations have successfully veri ed the KM3NeT tchnology [42]. Phase 2.0
of KM3NeT aims to demonstrate two separate detector arrangenents, ARCA and ORCA.
ARCA (Astroparticle Research with Cosmics in the Abyss) will search for high-energy
astrophysical neutrinos using a sparce arrangement of OMswith vertical separations
of 36 m and a lateral separation between strings of 90 m. ORCA @scillation Research
with Cosmics in the Abyss) intends to measure the neutrino mas hierarchy using a
densely-packed arrangement, with 6{12 m vertical and 20 m lgeral separations.

A rst installation phase of ARCA near Capo Passero, East of Scily and of ORCA
near Toulon has started in 2014 and comprises 24 (7) ARCA (OR®) strings to be
deployed by the end of 2016. Completion of the full three bloks is expected for 2020.
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35.3.2.3. Results:

Atmospheric neutrino °uxes have been precisely measured wit AMANDA and
ANTARES (°1) and with IceCube (:°1 ; ©%); the results are in agreement with predicted
spectra. No astrophysical point sources have been identi edet, and no indications of
neutrino °uxes from dark matter annihilations or of exotic ph enomena have been found
(see [38] and references therein). IceCube has furthermoreported an energy-dependent
anisotropy of cosmic-ray induced muons.

In 2013, an excess of track and cascade events between 30 TeYidal PeV above
background expectations was reported by IceCube; this angbis used the data taken in
2010 and 2011 and for the rst time employed containment condions and an atmospheric
muon veto for suppression of down-going atmospheric neutnos (High-Energy Starting
Event analysis, HESE). A display of one of the selected evestis shown in Fig. 35.7.
The observed excess reached a signi cance of7%.in a subsequent analysis of 3 years of
data [43] and cannot be explained by atmospheric neutrinos rad misidenti ed atmospheric
muons alone. Some clustering of the HESE events cl