\;! ( I I Karlsruhe Institute of Technology

Karlsruhe Institute of Technology

Astroparticle physics I — Dark Matter

Winter term 23/24  Lecture 9 Nov. 30,2023

KIT — The Research University in the Helmholtz Association www.kit.edu



Recap of Lecture 8 A\‘(IT

Karlsruhe Institute of Technology

B VHE ..UHE gammas: source modelling & detection with TACTs

- VHE y — induced showers: narrow Cherenkov cone (1°) by relativistic e™, e”

- shower profile to discriminate against events from charged CRs

- arrays of IACTs for stereoscopic view & better gamma sensitivity
- source modelling: hadronic (7% — yy) vs. leptonic (e” + y >y + e7)
- leading observatories: MAGIC (La Palma), H.E.S.S. (Namibia), ...

- scan of the galactic plane: new sources — SNRs, pulsar wind nebulae, ...
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Scanning the galactic plane for UHE gammas &(IT

Karlsruhe Institute of Technology

M first scan (2004) with H.E.S.S.over > 600 h : 15 new sources at TeV — scale
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Scanning the galactic plane for UHE gammas A\‘(IT

Karlsruhe Institute of Technology

W 2004: strong UHE gamma emission* from the galactic center!
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Scanning the galactic plane for UHE gammas S‘(IT

Karlsruhe Institute of Technology

B gamma emission from dark matter annihilation close to galactic center?
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Looking beyond the galactic plane: quasar 3€279 A\‘(IT

Karlsruhe Institute of Technology

B MAGIC: first observation at E > 50 GeV of a distant quasar at d = 1.8 Gpc

- universe more transparent for UHE — y’s ?*
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gamma properties studies with quasar 3€279

AT

Karlsruhe Institute of Technology

B RECAP: limited range of UHE gammas due to extragalactic IR light

'
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gamma properties studies with quasar 3€279 QAT

Karlsruhe Institute of Technology

B Search for violations of Lorentz invariance with UHE gammas from a quasar

_ _ guantum theory of
- do UHE gammas of different energies travel faster/ gravitation gy "

7

slower? If yes, this would violate Lorentz invariance f

/
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CTA observatory - the future of gamma astronomyﬂ("'

Karlsruhe Institute of Technology

M Cherenkov Telescope Array (CTA) — 118 telescopes at 2 observation sites

- Northern & Southern hemisphere arrays: present status — planning/building stage

telescope
array
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CTA observatory: 3 different telescope sizes ﬂ("'

Karlsruhe Institute of Technology

B From Large (LST) to Medium (MST) to Small (§ST) — Sized Telescopes

SST: 70 at Southern observatory R IST:0=23m

1...300TeV et : J:..Iow—ener'g'y gammas f"
| MST: 1) = 12m T
MST: 25 at Southern medium—energy gammas
15 at Northern()bserv‘f’ltory e, N
150 GeV ... 5TeV SST:®:.4m IGERER
high—energy
LST: 4 at Southern observatory gammas
4 at Northern Y EL—— '
20 ... 50 GeV
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CTA observatory: 118 telescopes @ 2 sites AUT

Karlsruhe Institute of Technology

W Exploring VHE ... UHE gamma sources of the Northern & Southern sky

o~

‘Northern site: La Palma, Canary-islands. - ##s=
virtual reality
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CTA observatory: status at the 2 different sites S(IT

Karlsruhe Institute of Technology

B Ongoing design & construction works at both sites

reality until some time ago

,Chile. -
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CTAobservatory: inauguration of LST—1 QT
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CTA observatory: comparison of sensitivities ﬂ("'

Karlsruhe Institute of Technology

B Scientific goals of CTA

_ ? 10—11__
- search for new (fainter) e
VHE gamma sources o ]
S _
: .. : O —-12 _|
- better discrimination of & 107773
hadronic/leptonic scenarios é 1
(cosmic LHC or LEP?) 8 '
S 10713
. S~ ]
- search for new physics X :
(sign_al_frorn dark matt_er = : CTA 1% Crab
annihilation at galactic 1014 e ) L AL T

M
0.01 0.1 1 10 100

center) Y — energy (TevV)
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CTA observatory: comparison of gamma sources S(lT

Karlsruhe Institute of Technology

] Expected CTA sources vs. observed gamma sources with H.E.S.S.
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Gamma astronomy: lobbying for CTA funds... QAT

Karlsruhe Institute of Technology

B No good argument in VHE/UHE gamma astronomy due to EBL/3K radiation!

cta

cherenkov
telescope
array

OMD WEIL SICH DAS UNIVERSUOM |IMMER
WEITER AUSDEHNT, BRAUCHEN wWIR EBEN
Cin  GROsscres TELESkoOP f
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Goodbye, multi—messengers, hello rare events ﬂ("'

Karlsruhe Institute of Technology

M A final, very recent observation in the field of cosmic ray physics

- the Telescope Array (US) experiment announces an event with the second
highest energy ever observed (from an empty region without galaxy clusters!)

E =2.4-10%0 ¢y = but: what about GZK — cutoff?

T | Amaterasu event
The most powerful cosmic ray since \

the Oh-My-God particl I
scii: ntistsy od particle puzzles nature

Scientists spot a particle of intense energy, but explaining where it came from might
require some new physics.

Scientists detect a cosmic ray

that’s almost as powerful as the (CN\"\I\'

‘Oh-My-God’ particle
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2.2 Search for Rare Events ﬂ(IT

Karlsruhe Institute of Technology

® Observing novel physics beyond the Standard Model: = rare event searches
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Rare event searches: principles & technologies ﬂ("'

Karlsruhe Institute of Technology

B Why do | need to operate my new detector in an underground laboratory?

BN )

_DDGQGDD aod Dcr:

wooh'l

b b bbb bbb bbb b ot d
|

Laboratorl Na2|onaI| del Gran Sasso
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Rare events: how rare is rare ? A needlein a ... ﬂ("’

Karlsruhe Institute of Technology

® How on earth can | detect a signal rate of only 1 event ton™! year™! ?

a small needle In
a giant haystack
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Rare events: Signal compared to background rate ﬂ("’

Karlsruhe Institute of Technology

M There is no shortage of background sources: cosmogenic, radiogenic, ...

- a few signal events in a few years: huge background reduction required

background rate:
Npg > 1010 events yr—1

$

goal:

Ge detector Npy < 1 event yr—1
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events

Rare events: example search for Ovf process ﬁ("'

Karlsruhe Institute of Technology

B Goal: observe the ‘peak” from 0vBB events in an enriched 7®Ge detector

raw experimental spectrum

, @
4

e

- ovpp

0 05 1.0
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o |

BREAKTHROUGH

signature of OvB B events

] ovBp
2vpp

0 05 10 1.5
energy (MeV) energy (MeV)
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events

Rare events: example search for Ovf process ﬁ("'

Karlsruhe Institute of Technology

B Goal: observe the ‘peak” from 0vBB events in an enriched 7®Ge detector

2O B atheorists” view

f\s e

an experimentalists” view

2vpp

| | 0.5 1.0 1.5

23

0.5 1.0 1.5 2.0 2.5 energy (MeV) energy (MeV)
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events

Rare events: example OvBf — decay search ﬂ("'

Karlsruhe Institute of Technology

B Task: identify & then eliminate each radioactive element in your detector

Karlsruhe
nuclide

chart
11th ed,,

raw experimental spectrum
of a single isotope (which?)

photo peak

10*
- Compton edge \( \\‘

10%} Nl

1 . Nhhh" "

1000 2000 3000 4000
ADC channel
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Rare events: example of what can go wrong ...* ﬂ("'

Karlsruhe Institute of Technology

B Task: install the inner nylon balloon to contain enriched xenon o

- KamLAND — Zen
OvBpB — experiment in
Japan

-~ scintillator

balloon Wt

We did it!! And: on time...
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Rare events: example of what can go wrong &(IT

Karlsruhe Institute of Technology

B Impact of 13*Cson inner nylon balloon: background for a 0vBB experiment

- Fukushima nuclear accident:
large release of radioactive

nuclides such as isotope 13*Cs
(undergoes f# — decay + 2 y’s)

- KamLAND — Zen
OvBpB — experiment in
Japan

*Sendai

Fukushima Q=2.06MeV

Tokyo @
Nagoya @

accident* of March 11,2011
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https://en.wikipedia.org/wiki/Fukushima_nuclear_accident

Rare events: example of what can go wrong ﬂ("'

Karlsruhe Institute of Technology

B Impact of 13*Cson inner nylon balloon: background for a 0vBB experiment

- Fukushima nuclear accident:
large release of radioactive

nuclides such as isotope 13*Cs
(undergoes f# — decay + 2 y’s)

- Inner balloon was produced in
nearby Sendai in March 2011:
small contamination with**Cs

normalized radius R3

.; ..i AR B
I} y 1I¢ LI | Iﬂ
1 2 4
visible energy (MeV)

- result of measurements:
= remove contaminated nylon
& Install a new clean one
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Rare events: example search for Dark Matter (DM) ﬁ("’

Karlsruhe Institute of Technology

B Goal: observe the ‘recoil signature” of a DM particle (here: WIMP)

BREAKTHROUGH
:

- DM signal detected by
nuclear recoil with
energy E < 100 keV

- point—like energy
deposition

©
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How do | calculate the expected signal rate? ﬂ("'

Karlsruhe Institute of Technology

M Is the "beam” of dark matter particles intense & my detector large enough?

' DM halo

Matter Project

Milky Way
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How do | calculate the expected signal rate? Q(IT

Karlsruhe Institute of Technology

M Is the "beam” of dark matter particles intense & my detector large enough?

Ne

XENON

Matter Project

' DM halo

Milky Way
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RECAP: how to calculate the expected signal rate ﬂ("’

Karlsruhe Institute of Technology

B Example* of incoming beam of particles (accelerator, dark matter: WIMPs)

- cross sectional area 4 [cm?] incoming beam
. . : ng
- particle velocity v; cm/s] =
- number density n. cm?] — Vi ' ‘
— |
- flux density J cm™* s71] al v
J=ng -v; \] Vi e |}
- flux @ [s1] N RAY
b = ] - A = ng - v; - A @ :
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RECAP: how to calculate the expected signal rate ﬂ("’

Karlsruhe Institute of Technology

B Example of incoming beam of particles hitting a thin target (single interaction)

- target density p g/cm?3]
- target length L cm]
- target atomic mass M4 [u]

- number density n, [cm ™3]

ng,=p -Nyg/My

- # of nuclei in beam N; [ ]

Nt:nt 'L 'A

32 Nov. 30,2023 G.Drexin-ATP-1#0 ¢y = 1.6605 - 10727 kg (atomic mass unit)

N4 =6.022-10%3 / mol

A

target
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RECAP: how to calculate the expected signal rate ﬂ("’

Karlsruhe Institute of Technology

M Interaction rate IW,. & # of signal events Ng of incoming WIMPs in a detector

- total cross section o,,; [cm?]

- # of targets inbeam N, [ ]

- WIMP flux density | cm % s71]

- # of signal events Ny | ]

- interaction rate W, [s71]

W,=dNg/dt =] -N; -0y
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RECAP: how to calculate the expected signal rate ﬂ("’

Karlsruhe Institute of Technology

W background processes in a detector with typical cross section o;,; ~ mb

- unit of total cross section o,,, [cm? or barn*]

1b=1barn = 10"%* cm?

Compton—scattering: b ...mb™**
Y e= (e |
\ ~V=QL " Ot
\ AV Vs v v Oﬁf ' |
N L/]/Z[V\
0 0 20 40 60 80 100 120 140 160 180
scattering angle 0

o)
=)

o)}
=)

N
=)

do/dQ2 (mb sr~1)
N
S

2
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RECAP: how to calculate the expected signal rate ﬂ("’

Karlsruhe Institute of Technology

B WIMP signals in a detector with expected cross section o,,, < 107%* b

- exceedingly small expected WIMP cross section a;,;

1yb = 1 yocto — barn = 10~*3 cm? @

WIMPs from galactic halo
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WIMP cross section (cm?)

36

expected signal rates in a dark matter detector

AT

Karlsruhe Institute of Technology

B WIMP signals in a detector with expected cross section o,,; < 10™*% cm?

10—4-0

1074

10—4-4-

10—4-6

108

10—50
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Signal vs. background: no signal (yet)? AUT

Karlsruhe Institute of Technology

B Statistical fluctuations of signal & background: confidence intervals

- No signal: exclusion of parameter interverals at 90 (95) % confidence level

Gaussian (normal) distribution ”
probability density function
1 _(=w? 68.27%
e 2oqg?
V21 - a2
p: mean of expectation .-d/ TR —
o: standard deviation 99.73%

U—2opu—0c U Uu+Oo Uu+20
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Signal vs. background: is this a detection (yet)? ﬂ("'

Karlsruhe Institute of Technology

B Statistical fluctuations of signal & background: confidence intervals

- signal: detection of new physics signal requires > 5 o (standard deviations)
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Signal vs. background: is this a detection (yet)? ﬁ("'

Karlsruhe Institute of Technology

B Statistical fluctuations of signal & background: blind analysis

- signal: region close to it has to be blinded during systematic tests

to avoid any bias in analysis B
’ ' i‘ @
)
| .2 0’
:, ‘ ﬂ

after
unblinding:
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2.2.1 Background processes

AT

Karlsruhe Institute of Technology

B Dominant background sources: natural radioactivity & cosmic rays (u’s)

a — decay

40

v
\. ¥ — decay

decay types of nuclei

~

B — decay
-

oS
' fission

conversion
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_ primary CRs

b

! AR
.'n*«m*: i&rﬁum

.f;..

gﬁh M‘
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Background processes — comparison of rates ﬂ("'

Karlsruhe Institute of Technology

B Dominant background sources: natural radioactivity & cosmic rays (u’s)

natural radioactivity
- rate:
100 events kg=1s~1

41 Nov. 30, 2023 G. Drexlin — ATP-1 #9

107 events kg~ lday~?!

~

1073 ...10~* events
kg~ lday=! for
WIMP signal region

n \\I/ m

cosmic background A
- rate:

0.1 events kg=1s1
10* events kg~ 'day~?!

\ 17": f« (A
l’ ‘“m
}:&

W ‘

'u

N

I
@
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Decay processes of unstable nuclei: background A\‘(IT

Karlsruhe Institute of Technology

protons

= 5 fisson

a — decay l

stable
nuclide chart
with unstable
| ‘ iR A neutrons
nuclei - : ;
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Decay processes — activity of an isotope ﬁ("'

Karlsruhe Institute of Technology

M Radioactive decay law

- the activity A(t) of an unstable isotope is... A=—p=—4:N

... describing the number dN of decays per unit time dt
... proportional to the decay constant 4 (= decay probability per unit time* dt)

... hot a constant, as the ensemble size N is decreasing over time t
due to decay processes = activity A of ensemble will decrease

... decreasing exponentially (decay law) A(t) = A(0) - et
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Decay processes — activity of an isotope

M Radioactive decay units

ffzﬁ
1%

A
1y

- the activity A(t) of an unstable isotope is measured...

1 Bequerel = 1decay/s '1 Curie = 3.7:10%decays/s

1Ci =activityof1 g
radium (**°Ra)
(after Pierre Curie)

1Bq = 2.70-10"11Ci
after Henri Becquerel)

.
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Decay processes — activity of an isotope ﬂ("'

Karlsruhe Institute of Technology

B Radioactive decay: articifical sources in astroparticle physics

- use of strong artificial v — sources: GALLEX

-3¢y —source: A = (1.67 + 0.03) MCi
Isotope decays via an e~ — capture process:

erve Wiy, 4y

vV
e
(54 m*, 110 t)

- half-life t., = 27.7 days

a © s @
L
g g o2
,ﬂae%u +g Os-n.ci

- calibration of solar neutrino detector GALLEX*
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Decay processes — activity of an isotope ﬂ("'

Karlsruhe Institute fThIogy

B Radioactive decay: articifical sources in astroparticle physics

- use of strong artificial v — sources: SOX

->1¢r — source: A =5 — 10 MCi
decays via e~ — capture process:

516r+e‘—>51V+ve+y

- search for sterile v's with BOREXIN O detector*

LSO :

ﬁﬁo:t c{zstance neumno O scz[[atwns wztfz (Boreino
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Decay processes — activity of potassium — 40 ﬂ("'

Karlsruhe Institute of Technology

B Radioactive decay: natural sources in environment

- natural radioactivity in organic matter

- activity of bananas due to *°k

g - 4OCa+Ve + e
VE+e >Mar+v, +y

- half-life t,, = 1.2 - 10° yr

- (inofficial) unit: Banana—Equivalent—Dose (BED) = 0.1 uSv*
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Decay processes — activity of human body ﬂ("'

Karlsruhe Institute of Technology

M Is my natural radioactivity measurable & a threat to my rare event search?

- activity 4 of a medium-sized human body ?

- my estimate for activity A:

O-4«<1Bgq
®-A=10Bq

® — A =1000 Bg

O®-A4=10*Bgq
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Decay processes — activity of human body ﬂ("'

Karlsruhe Institute of Technology

- . _— .
My natura1I4rad|oa2(t)|V|ty. dominated by the two
Isotopes “"Cand 'K // 03 ”e

Be — 7 25

y C—-14 3800

' K — 40 4200

Rb — 87 650
U — 238,234 4
e = Pb — 210 60
| Rn — 220 15
Rn — 220 daug. 30

., huge noise rate* in PMTs
T - of deep—sea—v — telecopes
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