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Recap of Lecture 22 A\‘(IT

Karlsruhe Institute of Technology

B Axion detection: LSW experiments & dielectric haloscopes (MADMAX)

- Light—Shining—through—Walls: ALPS — II set—up at DESY

- second order weak effect: coupling of two 120 m long optical cavities (dipole
B — field from HERA magnets), separated by wall = sensitivity to ALPs

- dielectric haloscopes: coherent emission of radiowaves from surfaces
of dielectric discs (large value of gg)

- MADMAX: ongoing R&D efforts & prototyping of key componenta (discs &
positioning via actuators, strong ~ 9 ...10 T dipole magnets)

- very active field of research, both in theory & experiment
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Recap of sensitivities & hints: a comparison

ST

Karlsruhe Institute of Technology

W Astroparticle
physics: combining
all axion data!
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4.6.2 keV — neutrinos ﬂ(IT

Karlsruhe Institute of Technology

SM — overview

B active neutrinos as HDM

- smallness of the v — mass:
pointing to new energy scale

- strong mixing effects are
observed via flavour oscillations

5 WHAT ARE THE MASSES
OF THE. THREE KNONN
NEUTRINO TYPEs
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eV — neutrinos ﬂ("‘

B active neutrinos as HDM \ N ]HO
fermion o
T\ i nosons
- smallness of the v — mass: ORDER » D [ seneratons

pointing to new energy scale t® °
ALLOF »*
- strong mixing effects are p < 10! — o wz
. . . QL
observed via flavour oscillations THAT . S 10 e
0
g 1071 o®°
= d |p
107°—®
Explaining the bizarre pattern ou
of fermion types and masses 1073 Ry
has led theorists to explore more €
complex symmetry groups than //"'\\ N massless
the Standard Model’s, with recent - et e
work suggesting that the “flavour o : ‘q,l::;;ln
scale” could be at a much lower Y & f s P
energy than previously thought.
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eV — neutrinos: mixing effects A\‘(IT

Karlsruhe Institute of Technology

B QM — basics: mass eigenstates (vq4,v;) # flavour eigenstates (v, v,)

- v — oscillations* give access to parameters:
V3 (Ve vﬂ Ve
A
mass splittings Am}; | Amj; = |m§ — mj| 2
Ams,
miXing angleS Hl] 012,023,913 Y
V2 Ve v# Vi
I SO VAVA VAR Ve Ami, I
> _—
Ve Y ENAVAVAVA v, V1 Ve Vu Vg
— - > F —
V3 /\/\/\/\/ ve -~ s
— ) -
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eV — neutrinos: mixing effects ﬂ(IT

Karlsruhe Institute of Technology

B QM — basics: mass eigenstates (vq,v;) # flavour eigenstates (v, v,)

- v — oscillations: major impact for both particle / astroparticle physics

2015 NOBEL PRIZE IN}__ PHYSICS

Takaakl Kajlta and
Arthur B. McDonald
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Sterile neutrinos in the vMSM ﬂ(IT

M Sterile neutrinos as WDM nuMSM — model

. . . 2.4 MeV 1.27 GeV 171.2 GeV

- minimum extension of the 2, ¥ 2, C 2, t

Standard Model: vMSM 0

f up charm top
i ) ©

- only added: sterile neutrinos = P b |lL | LH — chirality

as RH — counterparts of active d S b

neut ri nos down strange bottom Y

. ,;~kev 001 ev // ~GeV | ~0.04ev // ~GeV
= 3 new neutral fermions Nl N2 o\, / N3 T
T 1
(7)) _ . .
- 1 light state: N, ~ keV — scale S [nsaNgD sl o s feviny s | R — chirality
2 quasi—degenerate heavy o [ osumer—| o
- -1 =1 gl
states N, 5 ~ GeV — scale - T
electron muon [ tau
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keV — steriles act as Warm Dark Matter (WDM) AT

Karlsruhe Institute of Technology

W keV — steriles as WDM could solve the problem of missing dwarf galaxies

- a persistent problem in cosmology: we see less dwarf galaxies than predicted

- sterile neutrinos act
as WDM - neither
HDM nor CDM

- WDM solves many
Issues related to
dwarf galaxies, both
locally (Milky Way,
Andromeda) & beyond
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keV — steriles: cosmological bounds ﬂ("'

Karlsruhe Institute of Technology

B model-
dependent
bounds
1078
N 10710
N
S
75)
10—12
_ m(vg)
1014 in keV
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keV — steriles: a signal observed in X — rays? &(IT

Karlsruhe Institute of Technology

B Observation of aweak X — ray line in clusters at E = 3.55 keV: from v,?

- results of leading X — ray observatories Perseus galaxy cluster
(Chandra, XMM — Newton).

= data point to the existence of a weak
emission line at X — ray energies

E, = 3.55 keV

- observed in many (not all)

alaxy clusters
J y sin?20 =7 x 10711
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keV — steriles: a signal observed in X — rays? &(IT

Karlsruhe Institute of Technology

B Observation of aweak X — ray line in clusters at E = 3.55 keV: from v?

- IS this the signature of a decaying sterile Perseus galaxy cluster
neutrino v?

= mass: m(vg) = 7.1 keV

decay: X —ray line at E,, = m(vg)/2

E, = 3.55 keV

- sterile neutrino would act

as Warm Dark Matter’
sin?20 =7 x10™ 11
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keV — steriles: a signal observed in X — rays? ﬂ(“'

Karlsruhe Institute of Technology

B Observation of aweak X — ray line in clusters at E = 3.55 keV

CERN COURIER

Jul 23, 2014
Do X-rays reveal a sterile neutrino?

A detailed study of galaxy clusters
using NASA’s Chandra X-ray
Observatory and ESA’s XMM-
Newton has found a mysterious
X-ray signal. One intriguing
possibility is that the X-rays are
produced by the decay of sterile

3.4 3.6

neutrinos - a candidate particle for Perseus galaxy cluster energy (keV)
dark matter -
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keV — steriles: signature in KATRIN ﬂ("'

Karlsruhe Institute of Technology

B Search for a ‘kink” in the B — spectrum [ (DS CERN Colrier |
R | A 3 —4/2022

- tritium B — spectrum allows to investigate
sterile neutrinos with masses

m(vg) < 18.6 keV

- KATRIN is ideally suited to perform a
world—leading search for sterile v's in

the keV — range from 2026 ...2028 | y o A ,
- KATRIN: this measurement phase TURNING THE SCREW ON

is performed within the TRISTAN program RIGHT-HANDED NEUTRINOS

with optimized tritium source & | n |
Extending the elementary-particle inventory with heavy neutral leptons could
N Ovel h | g h —reso | ut | on d etector Syste m solve the key observational shortcomings of the Standard Model, explain

Alexey Boyarsky and Mikhail Shaposhnikov, with some models placing the new
particles in reach of current and proposed experiments.
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keV — steriles: stat. sensitivity of KATRIN & others ﬂ(IT

Karlsruhe Institute of Technology

B KATRIN will advance today’s experimental sensitivity by many orders

KATRIN
1 —=- BeEST
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Recap: KATRIN neutrino mass experiment* QAT

Karlsruhe Institute of Technology

B ‘effective mass” of the electron neutrino v,: incoherent sum of masses m;
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KATRIN neutrino mass experiment QAT

Karlsruhe Institute of Technology

B “effective mass” of the electron neutrino v,: integral scan

- ¢ KATRIN data with 1o error bars x 50
’8“ 101 5 — fit result
o 3
‘; .
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KATRIN neutrino mass experiment QAT

Karlsruhe Institute of Technology

B “effective mass” of the electron neutrino v.: one tool to study systematics

- precise tracking of electrons in
electromagnetic fields: backscattering,

3

source scattering, post acceleration 774/ SN .
3 \\ N
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KATRIN experiment: adjusting the g —luminosity AT

Karlsruhe Institute of Technology

B Windowless Gaseous Tritium Source (WGTS): a highly versatile tool

- closed tritium loop at TLK
high isotopic purity
constant monitoring
of composition

19 Feb. 15, 2024 G. Drexlin — ATP-1 #23 Exp. Particle Physics - ETP



KATRIN experiment: adjusting the g —luminosity AT

Karlsruhe Institute of Technology

B Windowless Gaseous Tritium Source (WGTS): a highly versatile tool

- closed tritium loop at TLK
high isotopic purity
constant monitoring

of composition
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KATRIN experiment: adjusting the g —luminosity AT

Karlsruhe Institute of Technology

B Windowless Gaseous Tritium Source (WGTS): a highly versatile tool

- tritium B — intensity can be varied by
2 ... 3 orders of magnitude by adjusting
the inlet pressure p;,

- this allows to work at vastly different
count rates: adjust to capabllltles of
electron read—out L

o R E——— ,

TR w-i 1

Exp. Particle Physics - ETP
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KATRIN experiment: adjusting the g —luminosity AT

Karlsruhe Institute of Technology

B Windowless Gaseous Tritium Source (WGTS): a highly versatile tool

- tritium B — intensity can be varied by
2 ... 3 orders of magnitude by adjusting
the inlet pressure p;,

- this allows to work at vastly different
count rates: adjust to capabllltles of
electron read—out FE

average

relative gas
density p/po

-5-25 0 25 50
z (m)
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KATRIN experiment: adjusting the lower cut—off AT

Karlsruhe Institute of Technology

M the electrostatic spectrometer: a highly versatile tool

- the lower cut—off of electron energies can
be adjusted by the spectrometer potential

[ ey

/,’ >
/’

—
-
- y

relative rate

0 5 10 15 -\
E (keV) E,
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KATRIN experiment: adjusting the lower cut—off AT

Karlsruhe Institute of Technology

M the electrostatic spectrometer: inner electrode system

- 24.000 wires are mounted with a Syl
precision of 200 um: fine—tuning \‘\!\\tt

ey

051'01'5-\

E (keV) E,

relative rate

Exp. Particle Physics - ETP
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keV — steriles: signature in KATRIN ﬂ("'

Karlsruhe Institute of Technology

B Search for a ‘kink” in the g — spectrum B¢ ARt} CERN Colrier |
N | 3 —4/2022
- tritium B — spectrum allows to investigate '
sterile neutrinos with masses

m(vg) < 18.6 keV

- energy spectrum of decay electrons:

TURNING THE SCREW ON
+ sin? 6, Z_’;’ (M) RIGHT-HANDED NEUTRINOS

dN 5 dN
E = COS 95 . E (mactive)

Extending the elementary-particle inventory with heavy neutral leptons could
solve the key observational shortcomings of the Standard Model, explain

1Vl Alexey Boyarsky and Mikhail Shaposhnikov, with some models placing the new
mixin g an g | € HS particles in reach of current and proposed experiments.
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keV — steriles: signature in KATRIN Q(IT

Karlsruhe Institute of Technology

M Search for a "'kink” in the g — spectrum

- tritium B — spectrum allows to investigate
sterile neutrinos with masses |

1 ===~ -=-= nomixing sino
m(vg) < 18.6 keV — my =10keV _ ¢ 5

- energy spectrum of decay el.: - ; — Vsterile
ICH : :
dN ) ©
dE = c0s” O - dE (Myctive) @' _

+ Sinz BS ) E (msterile) 7

mixing angle 6 0 5 10 15  E(keV)
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eV — mass scale: existing detector for KATRIN ~ A\CIT

Karlsruhe Institute of Technology

B FPD detector: a segmented Si — PIN — detector for electron identification

- installing
the Si —wafer....

27 Feb. 15, 2024 G. Drexlin — ATP-1 #23 Exp. Particle Physics - ETP



eV — mass scale: existing detector for KATRIN ﬂ("'

Karlsruhe Institute of Technology

B FPD detector: a segmented Si — PIN — detector for electron identification

Cooling
Detector magnet

Veto + shield

Pinch magnet

DAQ electronics
(KIT)

Detector + preamps

Post acceleration

| el o ——
Vacuum pumps | | -

mEEasEms s S
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eV — mass scale: existing detector for KATRIN ~ A\CIT

e Institute of Technology

W FPD detector: a segmented Si — PIN — detector for electron identification

- moderate energy resolution: ability to detect the transmitted
electron with AE = 2 ... 3 keV within a rather narrow
energy window centered at E = 18.6 keV

- needs to handle only a small rate of g — decay electrons
(narrow scan interval close to Ey): optimimized for m(v,) with
tritium source at nominal column density

¢¢¢¢¢¢¢

et o e o (e vt ot e et e
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keV — steriles: a new detector for KATRIN QAT

Karlsruhe Institute of Technology

B TRISTAN detector: TRitium Investigation on STerile (4A) Neutrinos

- excellent energy resolution: ability to detect the expected
Kink—like signature i.e. AE = 200 ...300 eV over entire
energy interval from E = 0...18.6 keV

- must be able to handle huge rate of B — decay electrons
even when operating the tritium source at
~1 % of nominal column density

'=\ i'
= Emm L,
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keV — steriles: a new SDD detector for KATRIN ﬂ("’

Karlsruhe Institute of Technology

M Silicon Drift Detectors (SDD): a novel detector technology
odule

pixel =

166 SDD
pixels

=)

Ettore

cooling

ASICs
-}
— 7 - ] oA "'-——'SJZ:"I"L'
._,. 14 ”“ X lfq-l_-q‘
' “7 l = ﬁi_ [ 5
! *" | : ! i—
| f 7‘ 1 | |} 77”7% o
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keV — steriles: a new SDD detector for KATRIN ﬂ("’

Karlsruhe Institute of Technology

M Silicon Drift Detectors (SDD): working principle

module collecting anode

field strips

’)-
R
S O%:

integrated FET G |
000 e

»*§a°a°a°:°:°:°:°:§*3€“ :
ﬁa:e:a:o%‘o‘o‘eé{ez :
S90000 e :
.gaao“o‘o‘eefg% =

- SDD unit with integrated
JFET: e~ are funneled to back contact
anode by drift field formed
by circular field strips
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keV — steriles: a new SDD detector for KATRIN ﬂ("’

Karlsruhe Institute of Technology

M Silicon Drift Detectors (SDD): early prototypes are being tested

collecting anode
field strips

- SDD unit with integrated
JFET: e~ are funneled to back contact
anode by drift field formed
by circular field strips
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KATRIN experiment - ongoing studies QAT

Karlsruhe Institute of Technology

B Search for sterile v's: implement a Post—Acceleration Electrode (PAE)

- careful study of systematic effects due to post—acceleration & back—scattering

- : . . !
- purpose of PAE: allows o - incident Z'looev‘jr“m
detection of low—energy o 3 - reflection "
as
electrons by constant e T
(post) acceleration with s 2 -
AU = 10 kV (planned) - -
_ ©
- systematic effects due = 17
to backscattering (at o -
surface of SDD & AU) = /l\ | |
0 5 10 15 20 25 30 E(kel)
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keV — steriles: stat. sensitivities (integral scan) A\‘(IT

Karlsruhe Institute of Technology

B Impact of different scan strategies & other optimisation procedures

- 959% CL exclusion limits for keV — steriles after 1 yr of KATRIN data taking

10~*
- collected statistics: :
N,, ~ 2.95 x 101° 10-5 -
. . S :
- Impact of different scan o
strategies: here an 3 107° -
INDEPENDENT cross :
check can be provided 1077 - — 18keV range (qU = 0.0keV)
3 15keV range (qU = 3.6 keV)
by an |ntegra| scan ] base —— 10keV range (qU = 8.6 keV)
) .. 1 —— optimized = 5keV range (qU = 13.6 keV)
with excellent sensitivity | | | | | | |
0 5 10 15

m(vg) in keV
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keV — steriles: evolution of stat. sensitivities A\‘(IT

Karlsruhe Institute of Technology

B Impact of collected data sample over time in differential mode (m; = 10 keV)

- evolution of statistical sensitivity (95% CL) for fixed mass mg = 10 keV

_ time t (s)
- 10° cps per pixel & B 104 106 108
936 “golden” pixels o 1077~ A A 1
- sensitivities obtained after X ‘
1n 1075 -
& 5
1 hr g _
1day = 107° -
v ] '
1 month |
_7 L L L | L """'\
Lyr 19 10'2 10 101¢
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keV — steriles: impact of systematic effects

B Impact of various systematic effects on the overall sensitivity

- careful investigation of the
Impact of 12 systematic
effects on the sensitivity,
Individually (example:

magnetic field B 4,;). D
and overall* §
ALLRIGHT, MADE
. ARy TODAY.
- systematics, |

systematics,
systematics ...

AT

Karlsruhe Institute of Technology

A

Detection efficiency

A Source

- Column density l }
- Activity fluctuations 4
- Plasma I

—

3 === stat. only — Ol — B Boch Wee
== gyst. covsum = Birap Orw — Qe — Bae
= syst. combined ;0 = plrrap pd A

T T T T T T T T

m(vg) in keV

* individual covariances (covsum)
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keV — steriles: evolution of overall sensitivity

AT

Karlsruhe Institute of Technology

B Impact of collected data sample over time in differential mode (m; = 10 keV)

- evolution of overall sensitivity (95% CL) for fixed mass mg; = 10 keV
10°

- 10° cps per pixel &
936 "golden’ pixels

<)
&)
- sensitivities obtained after X
S
1 hr >
1day s
7,
1 month
1yr
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keV — steriles: sensitivity of KATRIN & others

AT

Karlsruhe Institute of Technology

B KATRIN will advance today’s experimental sensitivity by many orders

- Lab()]‘a t()r 7 I ey
10 3 } S~ \/_/\/_/
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10-13 F. Benso et al, Phys. Rev. D 100, 115035, (2019) COPSIAIE: WY T Rawasten m(vg)
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Dark Matter: neutralinos, axions & neutrinos ﬂ(IT

Karlsruhe Institute of Technology

B Coming decade will be decisive in our quest to unravel the nature of DM

search for exceedingly
rare processes
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ATP — II: Topics In the summer term 2024 ﬂ(IT

Karlsruhe Institute of Technology

B Stay tuned... Astroparticle physics - I1
particles & stars

supernovae neutrinos gravitational waves
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ATP — II: Topics In the summer term 2024 ﬂ(IT

Karlsruhe Institute of Technology

W Stay tuned... Astroparticle physics - II
particles & stars

Sudbury Neutrino Observatory Detector
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ATP — II: Topics In the summer term 2024 ﬂ(IT

Karlsruhe Institute of Technology

B Stay tuned... Astroparticle physics - I1
particles & (exploding) stars

Supernovall
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ATP — II: Topics In the summer term 2024 ﬂ("'

Karlsruhe Institute of Technology

N Stay tuned... Astroparticle physics - II
W particles & (explosive gravitational) waves

!, LR R +++ EILMELDUNG +++
Physik-Nobelpreis geht an
Gravitationswellen-Forscher

.~ /BREAKTHROUGH

ofthe YEAR

Albert Einstein sagte Gravitationswellen vor hundert
Jahren voraus, fur den Nachweis bekommen nun

© Nobel Media. Ill. N. © Nobel Media. IlL. N. © Nobel Media. IIl. N. drei Forscher den Physik-Nobelpreis. Die
Elmehed Elmehed Elmehed : : :

: A p ; Auszeichnung geht an die US-Wissenschaftler
Barry C. Barish Kip S. Thorne Rainer Weiss g8

Piisa share: 112 Rainer Weiss, Kip Thorne, Barry Barish. mehr...
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ASTROPARTICLE PHYSICS ... ON THE MOVE! A\‘(IT

Karlsruhe Institute of Technology

W Axions,neutrinos,neutralinos: a lot to explore in the coming years...

Everything comes to him who knows
how to wait.

I (/UGL / é'gang, Pa,_u,/é, —

THANK YOU

46 Feb. 15, 2024 G. Drexlin — ATP-1 #23 Exp. Particle Physics - ETP



