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What? AT
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B Sterile neutrinos?

® Signature at KATRIN?
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Introduction - neutrinos
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Fermions Bosons _ _
Three Generations of Matter Particles Interaction Particles / a Standard mOdeI Of parUCIe phyS|CS
I Force Carriers
mass — 2.4 MeV 1.27 GeV 171.2 GeV W 0 125 GeV 2] H .
e 2 s " £ . g - neutrinos defined as ...
spin — | 1/2 u 12 C 12 t 2 g | H m:' )
e~ Farm fop 5 | gluon — E ... mass-less and with
18 MV 104 Mev ; 2 0 A
-173 -173 -1/3 Y o - Only
Z iz d . § 12 b S Y
& Eifown o nge Wion | & S -> but: neutrino oscillation experiments
0 GO 0o E-;D 912GeV . .
0y, T 0y & 0 find non-zero mass-eigenstates
m\)e.- 12 l-‘l 1f2\).|;,r 1 Z
Ie’le%cn;l;lﬁg mn%'%?m neut%;lo 7. Boson
) 0.511 MeV ’ 105.7 MeV ) 1.777 GeV lsn.4c'e:_ [ ] Right_handed, Sterile neutrinOS?
= i e 12 I3 I - ) .
= |‘J' W - non-zero Dirac & Majorana mass terms
5 [0 electron muon tau W Boson
Mikhail Shaposhnikov 2013
J. Phys.: Conf. Ser. 408 012015
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Introduction - sterile neutrinos _\k‘(IT
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ﬁﬁ-es Seesaw Mechanism ® Depending on mass, sterile neutrinos could ...

Neutrino
Physics
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... explain smallness of

Dark Dark

Radia- Leptogenisis ... be candidate for Dark Matter
tion Matter

\, J J

logy

Cosmo-

... solve
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L 7 Direct sterile neutrino experiments _
é’ i Indirect
s = -deca Fixed Target Collider ' . . .
SR p-decay : S e | ® Experimentally investigated through ...
r{4 >
I {4 i I i -
oV v MeV GeV TV 0% Gev ... direct signature in g-decay = KATRIN

sterile neutrino mass

Marco Drewes 2019
Phys. J. 18 2
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Introduction - KATRIN ﬂ(".
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KArlsruhe TRItium Neutrino experiment
B Spectroscopic investigation of tritium -decay endpoint

B Goal: 2 mggs < 200 meV (@90CL)

tritium TR
—— retention T S e ,
‘T2—>THe +€ + Vq- st O\ \Qe

©—B -+ /3

N/ J electron
counter

»"'
. -

ey B &TQ/THC_ high pass
N sz energy filter
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Introduction - KATRIN ﬂ(".
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KArlsruhe TRItium Neutrino experiment
B Spectroscopic investigation of tritium -decay endpoint

B Goal: 2 mggs < 200 meV (@90CL)

|
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Introduction - KATRIN ﬂ(".
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Exemplary measurement

KArlsruhe TRItium Neutrino experiment Set point 1: Uyee = 18.55 kV

Set point 2: Uye; = 18.56 KV

B Spectroscopic measurement of tritium -decay endpoint Set point 3: Uye; = 18.57 KV

B Goal: 2 mggs < 200 meV (@90CL)

2.0 :
—_— ey, = 0.0V Uret == 18.5 kV aes 18-6 kV
= \ — e, = 0.5V
‘ _ i 1.5 —_— gy, = 1.0eV
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g . < AL
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g T Ce N\ g
E 0.4 ° electron
8 Q e 0.0 _ 21 SRR
= , ( _3 s ) 0 =W | - SR NOA) counter

-2 o [¥X He™ ™ energy — K in eV \\ %' N,

V —_ 0 “ \ 2 5
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energy in keV hlgh Sy ng
energy filter
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Introduction — KATRIN and sterile neutrinos ﬂ(".
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Introduction — KATRIN and sterile neutrinos

norm. diff. rate
=

21st February 2020

energy in keV

AT
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® Imprint of sterile neutrinos ...

|
me. = 0.0eV ... mass m, & mixing sin® 6,
my = 8.0keV
dr _ dr(merr) cos? 0, + dram,). sin® 6
dE dE 4 dE *
15 20
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Introduction — KATRIN and sterile neutrinos

norm. diff. rate
=

21st February 2020

energy in keV
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AT
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® Imprint of sterile neutrinos ...
... mass m, & mixing sin? 0,

dr(my)
dE

dr _ dr(meg)

AT cos? 8, + - sin” 0,

® Experimental consequences ...
... differential measurement U, = 0V
... high electron rates I}, = 0(10° cps)

- TRISTAN project
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Introduction — KATRIN, TRISTAN project ﬂ(".
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TRitium Investigation on STerile (A) Neutrinos
TRISTAN detector

»  Silicon Drift Detector (SDD)
« ~3500 SDD pixels

B Measurement: differential tritium 3-decay spectrum

e 21 modules

i 000t SR RY

i s b differential

Susanne Mertens et al 2019 \ i} \ \
J. Phys. G: Nucl. Part. Phys. 46 065203
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Introduction — KATRIN, TRISTAN project ﬂ(".
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TRitium Investigation on STerile (A) Neutrinos
TRISTAN detector

B Measurement: differential tritium 3-decay spectrum N _
»  Silicon Drift Detector (SDD)

® Goal: sin?4, < 1077,m, € [0,18.6 keV] @90CL .« ~3500 SDD pixels
10721 % % 7 * 21 modules
laboraf, — / /
atory limijts i
10~
a0 -
E FPD (current detector)
. p— 1
E L )
107 1= 1 ~
2 \ /} N Uret = 0V \
s o — ] / — AR
% Rty I TRISTAN (new detector) J‘(, )
107° = T SOurce s Fatistics He
10-10 statistical|90CL sensitivity B @\\0: Y
0 5 10 15 Sl . di :
. . “ 23 ifferential
sterile mass in keV
Susanne Mertens et al 2019 o N N _

J. Phys. G: Nucl. Part. Phys. 46 065203
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Introduction — KATRIN, TRISTAN project ﬂ(".
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TRitium Investigation on STerile (A) Neutrinos
TRISTAN detector

B Measurement: differential tritium 3-decay spectrum N _
«  Silicon Drift Detector (SDD)

® Goal: sin?, < 1077, m, € [0,18.6 keV] @90CL « ~3500 SDD pixels
. * 21 modules
7 5
722227 )
aboratory Jimjts i
oo 1077
g k FPD
Rai i
& oot /)
g T TRISTAN (new detect(_)f)// Influence of svstemtics?
10~ B T - ource s [atistics y .

E.g. electric/magnetic fields?

statistical|90CL sensitivity
0 5 10 15 - R&D detector optimization
sterile mass in keV

10~ 10

Susanne Mertens et al 2019
J. Phys. G: Nucl. Part. Phys. 46 065203
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What? AT
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B Back reflection?

® Detector section design?

detector
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KATRIN geometry

Electrons from tritium beta-decay

ﬂ(IT
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® Created in WGTS

@ Magnetically guided to detector (red tracks)

21st February 2020

lateral position in m
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KATRIN geometry

Electrons from tritium beta-decay

® Created in WGTS

® Magnetically guided to detector

Back-scattered electrons 0(20%)

B Electromagnetically reflected back to the
detector > 99%

® Small fraction transmitted through

spectrometer and escapes < 1%

21st February 2020

AT
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lataral mocitine,
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axial position in m
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Modified detector section

B Detector rate Ry = 108 cps
® Signal pile up = Npx ~ 3500
B Detector backrefl. = Bget = 0.7...0.8 T

@ +chargesharing - 7,4 =1.6..1.5mm

B Intercorrelations > Up,e = Ey

- tise ONline-cuts

current
design

. Itgnlposiionnm

AT
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optimized for ,sterile® neutrinos

pinch ¥ detector 274 Jetector
magnet magnet magnet
Q) i
60cm | !
. | j T - e
6T
_\—/—'_"_\\
-] massmmmmnnne.
;E'"'?:.: .
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What? AT
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® Detector response

® Modeling
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Modeling - framework

propagation charge i clectronics
& deposition  *, collection 4 & analysis

~— \
S
~

amp. ADC FPGA

trajectory _—

—O Ugep SDD pixel

1/2 3 4 5

o k~ WD

Karlsruhe Institute of Technology

design |,"b~ ‘

Energy deposition: E = Ej,, — Eq) — Eps

Fano noise: E->N(u=E,o0xVE)
Charge sharing: E — (Ey,E,), E=E; +E,
Electronic noise: E - N(u < E,o = const.)

Signal pile up: (E.,E;)) »E=E,+E,
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Modeling - energy deposition simulation ﬂ(IT
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Energy measurement:

B Electrons lose ionize silicon at various

scatterings off lattice atoms

- small chance to

position z in pm

g il
) silicon
vacuum ¢
T

) 0 Y

position X in pm
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Modeling - energy deposition simulation ﬂ(IT
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Energy measurement:

—
)

B Electrons lose ionize silicon at various

co

scatterings off lattice atoms

- small chance to

D

® Charge collection close to surface

position z in pm
=~

(N)
1

- non-conducting Si0,-layer 0(10 nm)

"3 dilicons T —> doping profile irregularities e(z)

vacuum ¢

-5 0 5

position X in pm

i I
N AN
T
SRS~
X n‘ > o
A S Bl

Approximation:

discrete deadlayer at zg3; = 0(50 nm)
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Modeling - energy response ﬂ(IT
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Energy measurement:

B Electrons lose ionize silicon at various

scatterings off lattice atoms

- small chance to

® Charge collection close to surface

position z in pm

- non-conducting Si0,-layer 0(10 nm)

}' Zqi -> doping profile irregularities e(z)

T
=

— J
9 )jsitionx in um

e~ discrete deadlayer at zg3; = O0(50 nm)

Approximation:
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Modeling - energy response ﬂ(IT
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10* 7= I
Ha Mc Energy measurement:
] -non bs .. .. .
1074 - backs. B Electrons lose ionize silicon at various
" scatterings off lattice atoms
~—
o
z - small chance to
[
a

position z in ym

position x in pm
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Modeling - energy response ﬂ(IT
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105
= Mo Energy measurement;
] - non bs .. - .
10° 4 - backs. | ® Electrons lose ionize silicon at various
w ] scatterings off lattice atoms
-+~
= 1024 -
513 JJ - small chance to
© I
® Charge collection close to surface
g 10 20 30
g energy in keV —> doping profile irregularities e(z)
g
& A4
Here: discrete deadlayer at zg = O0(50 nm)
vacuum y

position x in pm
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Modeling - simulation interpolation ﬂ(IT
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Ideal for understanding of individual

104 3= .
13 Mc
] parameters ...
! - non bs
10°¢ ghii g 5 BUT: very slow
3 Goal: find numeric/functional representation
g 1075
o ]
[ ]
Lo : Database interpolation technique
: 7 wiiii f(E) = fDB (E; Ein!Zdl) ﬁp,in)
R e e e —— « 21k simulations with 107 electrons

0 10 20 30

energy in keV * Three parameters Ej,, zq1, Up,in

+ Single evaluation time O(ms)
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What? AT
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10—+

B Systematic uncertainties s e :I

10"

B Sensitivity

sterile mixing

T T T
0 5 10 15 20
sterile mass in keV
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Systematic uncertainty ﬂ(".
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1.0 = Influence of ...
) 084 Upae ® Post acceleration voltage
= Y Upae =0 /20 KV
8™ Z
T dl ® deadlayer thickness
5 (.44
S Zd1=50, ad1=0/5nm
a Y

(.27 o

I ® electron incident angle
l}.l} 1 I...“......:.“......_-I-— — ° _ °
0 10 20 30 10 50 9=0% 09=0/5

energy in keV
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Systematic sensitivity ﬂ(".
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107 =
] Influence of ...

11}-5- | | s ® Post acceleration voltage

Upae = 0 / 20KV

® deadlayer thickness

Z41 = 50, 041 = 0/ nm

sterile mixing
:

statistical 3_ref§ ® electron incident angle

9=0° o9g=0/5°

() D 100 15 20
sterile mass in keV
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Systematic sensitivity

107% 3

107" 4

sterile mixing
:

stati?stical ,B—refé

() D 10 15
sterile mass in keV

21st February 2020

AT
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Influence of ...
® Post acceleration voltage
Upae =0/ 20KV
® deadlayer thickness
Zq1 =50, 0 =0/5nm
® electron incident angle

9=0° g9=0/5
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Systematic sensitivity ﬂ(".
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107 =
] Influence of ...

1077 4 ® Post acceleration voltage

Upae = 0/ 20 kV

® deadlayer thickness

sterile mixing
:

Zd1=50, ad1=0/5nm

statistical p-ref| ® electron incident angle
| | | 9=0° 09=0/5°

() 5 100 15 20

sterile mass in keV
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Systematic sensitivity

%

&

101 L
10°°

sterile mixing
=
=
=}

1077 5

0%

AT
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Influence of ...

® Post acceleration voltage

} - e / / 0
; \/ / ® deadlayer thickness
% Odl zq1 =50, 043 =0/5nm
statistical g-ref W electron incident angle
| conservative 9=0° g9g=0/5°
( 3] 10 15 20
sterile mass in keV
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Systematic sensitivity

10~

1077

sterile mixing
1

107 _ i
statistical p-ref|

].I-}_\. T T T T
() y 11} 15

sterile mass in keV
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Influence of ...
® Post acceleration voltage
Upae =0/ 20 kV

® deadlayer thickness

711—':0 fr11_n/=nm

Conclusion

« Postacceleration 2 Upye > Ep

* Homogeneity -2 dq = 0(5 nm)

» Alignment

» Decorellate syst.

> Oy = 0(10)
-2 e.0. trise

Marc Korzeczek — KSETA plenary workshop
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Thanks to KSETA AT
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What? AT
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® Simulation interpolation

B Total detector response

® Measurement setup?

® Mono-energetic detector response?
® Sensitivity framework

B Sensitivity constraints
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Characterization

J . ctor board
| ay source

2 Y T Wy
o
‘2

Measurement:

AT
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n

»x = 1 mm

® Prototype O detector with seven pixels

® Detector produced at HLL/MPG Munich B Calibration via Am241 x-ray (above)

B Amplifier & acquisition from XGLab/Bruker ® Scanning Electron Microscope

21st February 2020 Marc Korzeczek — KSETA plenary workshop
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Characterization ﬂ(".
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— data: Ej, = 15 keV e. Detalils:
data: Ej, = 20 keV
— data: E;, = 30 keV . Scanning Electron Microscope
- mggg:f idl = 23 22 «  Mono-energetic E;,
lllll . dl =
. Perpendicular incidence 9;, = 0°
1004 _ | \ . Focus pixel center - dominated by deposition
}{-: (T]%%l f ﬂ ﬂ ﬁ . Model: z4, = 40/65 nm (dotted/solid lines)

- decent match model (“not fitted”)

norm. counts
: =

= I
t---ﬁ'"‘“-n-—-
T rrrr——

—> quick evaluation times O(1 ms)

1[)—-‘1 1 | N P
0 5 10 15 20 20 30
energy in keV
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Characterization ﬂ(".

€y €
Details:
. Scanning Electron Microscope
. Mono-energetic E;,

. Perpendicular incidence 9;, = 0°

I T T E— . Homogeneous illumination
{1 O twin [ triple [ model
1034 T3 -sum 7 -sum . . Select coincident events At < 0.2 ps
] « - check charge sharing: E = E; + E,(+E3)
@2 02
s 103
5 4
[=}
o
10" 5 —> decent match model (“not fitted”)
—> quick evaluation times O(1 ms)
10" =
0 D 10 15 20

energy in keV
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Modeling - simulation interpolation

T
[ data

- non bs
108 5 - backs. )
[llustration of
ERt :
=00 + 29 splines £(E)|z,, s0nm 0
e * 80 shapes f(E, Ein)l50 nm 0°
P 1111
0 10 20 )
energy o 1- B ‘
g —— spline inter.
= —— shape interp.
0 :
107!
g !
= 1078
©
H
107 T T T 1
0 5 10 15 20

energy in eV

AT
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Transformation algorithm

®  Simulation Ngi, = hist(E)|g,_ p,p,..
W Spline interpolate 2> f(E)|g,_ p,p,..

® Shape interpolate > f(E, Ein)lp, p,..

®  Repeat for p; 2 f(E Ein.p1, D2, )
- Function of f(E) = f(E, Ein,zdl,ﬁp,in)
« 21k simulations each 107 electrons
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Detector response

sy

oo

A
v
/

reference -

- pile up
- charge shared
- back-scattered

stematics )

® Charge creation:

® Charge sharing:

normed counts

E, . i
v ® Electronic noise:

® Signal pile up:

20 30
energy in keV

21st February 2020
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Energy deposition: E = Ej, — Eq — Eps

E->N(u=Eo0xVE)
E - (E,E;), E=E| +E,
E-> N(uxE,o = const.)

(E,E;) >E=E| +E,
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Sensitivity - framework ﬂ(IT
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— ]:ll;lr;l
U S e Ftheo W Tritium B-decay: Iy = I3(E — Upae, My, sin 6,),
J - pae 2~ —]
P (0.8 ( \
c
3 0.6 NS
8" \ ® Energy deposition: f,s = fbs(zdlrﬂp,in):
3, :
g (] f\ [ pae + bvl)
= e S 1
004 l Sensitivity: x?=t-cov '-F (@90CL)
Ny /-\\J \\ ®  Chi-square: x? = y?(my, sin? 6, |Rget, Rokg, Eo).
0 10 20 30 40 50
energy in keV

®  Residuals: ¥ = I'data(0 keV, 0) — I'the®(m,, sin? 6,)
-my € [0,20 keV]

_ qin2 -2 -8 . - -
sin® 6, € [107,107°] ®  Covariance: cov = cov[[;43%8, [;data ],
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BACKURP - sterile neutrino dark matter constraints ﬂ(IT
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10771
B »
E 1079+ =
= i
%’ 10°H i \
2 i . 2
1] = T =
10713 45 s MU o
+ @ E S~ qi},'?.__ lf;pr()d\
10-15 -+ G —
100 101

sterile mass in keV

Alexey Boyarsky et al 2019
Prog. Part. Nucl. Phys. 104
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