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Outline: Signal Processing

wikipedia:

Signal processing is an enabling technology that encompasses

the fundamental theory, applications, algorithms, and implementations
of processing or transferring information contained in many different
physical, symbolic, or abstract formats broadly designated as signals.

It uses mathematical, statistical, computational, heuristic, and linguistic
representations, formalisms, and techniques for representation, modelling,
analysis, synthesis, discovery, recovery, sensing, acquisition, extraction,
learning, security, or forensics.



Outline: Signal Processing

wikipedia:

processing or transferring information contained Iin
physical signals.

analysis, synthesis, discovery, , Sensing, acquisition,

Agenda

1. Noble Liguids as Detectors

2. Dark Matter and Liquid Xenon TPCs - XENON100
3. Neutrinos and Liquid Argon TPCs — MicroBooNE



Noble Liquid Targets

Target

Atomic Number
Atomic mass

Boiling Point Tb [K]

Lig. Density @ Tb [g/cm3]

Fraction in Atmosphere
Price

Scintillator

lonizer

W (E to generate e-ion pair) [eV]
Whph (O(,B) [eV]

Dark Matter Projects
[active collaborations]

Neutrino Projects
[active collaborations]

LXe

o4
131.3
165.0
2.94

0.09
$5$

v 178nm
v
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LAr
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87.3
1.40
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v 128nm
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LNe
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Why Argon?
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— exploit self shielding

e cryogenics @ —180°C (above LN2)
e scalabllity to larger detectors

 excellent background discrimination
even when only measuring light

« well established technology

Argon

m, = 100 GeV/c2
o =4x10- “43cm?

Diff. rate [events/(kg d keV})]

IR BUT: - low threshold possible???

- very high background
from Ar39 (~1 Bg/kg) 10

- need to ,shift” light (128 nm)

o N

0 1 20 30 4 50 &0 70 80
Recoil energy [keVr]
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Why Xenon?

! —— Ordnungszahl '::;
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self shielding, compact detector (e e Ll e e e - - -
* 50% odd isotopes

* no long lived Xe isotopes
Kr-85 can be removed to ppt

e "easy" cryogenics @ —100°C
« scalability to larger detectors

e good background discrimination
when measuring light and charge

Argon
Xenon

m, = 100 GeV/c2
o =4x10- 43cm?2

Diff. rate [events/(kg d keV})]

BUT: - very expensive

- only fair signal/background
discrimination compared to Ar

4
10

0 10 EVCI . -313 ) 40 50 60 ?-D él]
Recoil energy [keVr]
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I Direct WIMP Search

I Elastic Scattering of
WIMPs off target nuclei ‘ WMk .
I v ~ 230 km/s
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O
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Direct WIMP Search

WIMP

Elastic Scattering of

WIMPs off target nuclei WIMP 4
: ~ 230 km/ Nuclear Recoil
- nuclear recoll v m/4 Y 0 ke
Detectable
Signal
i |!’T|2 ;1-21-’2 _ . Y- and B-particles
Recoil Energy: Fr =5 — = (1 = cosf) ~ O(10 keV) " (packground)

interact with the
atomic electrons

Py — electronic recoil
Event Rate: RocN I@‘i—*‘""} N number of target nuclei

2 p/m_ local WIMP number density
f <o> velocity-averaged scatt. X-section

Detector Local DM Physics
Density

p,~03 GeV/c?

M. Schumann (AEC Bern) — Noble Gas Detectors 10



Direct WIMP Search

Summary: Tiny Rates

R < 0.01 evt/kg/day
E_ <50 keV

How to build a WIMP detector?

e large total mass, high A

 low energy threshold

e ultra low background

« good background discrimination

We are dealing with

» extremely low rates (1 — 1000 Hz)

* Only a few channels (~250)

» extremely low thresholds (2 keV)

« extremely low radioactive backgrounds

M. Schumann (AEC Bern) — Noble Gas Detectors

log(c>' (cm2))
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-46
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-61

Diff. rate [events/(kg d keV)]

4
1

4 /2

Argon
Xenon

m, = 100 GeV/c2
o =4x10 “3cm?

form factor

20 30 40 50 & 70 80

Recoil energy [keVr]

Sirege etal. (201714)
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Background Sources

H~0 ! Polyetiylene
neutrons from
a,n) and sf Po

natural gamma

backgrounds | ]
l"IIIll‘i—

natural gamma ‘ ® intrinsic Bly

backgrounds | ° background
)

neutrons from , :
a,n) and sf | Electronic Recoils Nuclear Recoils

(gamma, beta)



I WIMP Seaches and Noble Liquids
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Example: XENON100

10°%
%_ T \ T | T T T T T T T ‘ T T T T T T T
= . XENON100 (2012)
w0l N\ \ Ky DPAMANa — observed limit (90% CL)
10° A \ N Expected limit of this run:
‘ CoGeNT
) DAMAJI I £ 1 ¢ expected
\ : ' + 2 6 expected
10°4! AL T R——
-...,-,_._.____‘_\_\-.---*-S:LMPLE (2012)
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WIMP-Nucleon Cross Section [cm?]
3

IHI| IIIIIIII| I\IIIIII| IIIIIIH| IIIIIHI| \}I-Hﬂl| 1

o w‘i_-p - i

TR LT TR

1 10"

| 1 1 | 1 | 1 1 1 1 1 1 | 1 ‘ 1

: 78910 20 30 40 50 100 200 300 400 1000
: WIMP Mass [GeV/c?]

; arXiv:1207.5988, PRL 109, 131801 (2012)
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Signals in a LXe TPC

S1sTot[0]: 3.62179 pe
S2sTot[0]: 274.423 pe

=
prd

Amplitude [V]

=
=1
|53

(=1

Bl |I|||I|||||‘I||‘I|I‘||I

277

How does XENON100 work?

How to get signals to analyze?
How to get correct signals?

How to get the interesting signals?
How do we get an energy scale?

Discrimination Parameter

0 0 =0 — _' a0
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Signals in a LXe TPC

mainly based on

S1sTot[0]: 3.62179 pe
S2sTot[0]: 274.423 pe

Amplitude [V]

(=1

XENONZ100 Instrument Paper:
Astropart. Phys. 35, 573 (2012, arXiv:1107.2155

XENON2100 Analysis Paper:
Astropart. Phys. 54, 11 (2014), arXiv: 1207.3458

Bl |I|||I|||||‘I||‘I|I‘||I

277

How does XENON100 work?

How to get signals to analyze?
How to get correct signals?

How to get the interesting signals?
How do we get an energy scale?

Discrimination Parameter
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Dual Phase TPC

TPC = time projection chamber

> 02
Eo.lsf— p S2
o C
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o.osf—
- | 1
0 501000 150 200 250 300 3500 400
Time [us]
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= [ 2 0.15
%003; =
< 0.02f g o
0.01F 0.05]
oF of
46 465 47 475 as  4ss 96198300 302 204
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How to get signals to analyze?
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Xenon: Light and Charge

L» Argon identical scheme, just different wavelengths and timescales

remove e~ from
interaction site

E mmm) excitation + ionization

| SR

atom Xe’ Xe'+e”
motion
+Xe i +Xe
excimer =
excited * +
molecular Xe 2 Xe 2
state ¢ L _recombination
+e
2Xe + hv Xe**+ Xe
scintillation ionization
light electrons

LXe is transparent to its scintillation light
— can be used as target and detector!

M. Schumann (AEC Bern) — Noble Gas Detectors

in TPC

Light/Charge Yield
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Aprile et al., PRB 76, 014115 (2007)
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What do we measure?

Top

PMT Hitpattern %
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400
Time [us]

302 204
Time [ps]

300

198

196

This is everything
you get for a nice
dark matter candidate!
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Design requirements:

Data Acquisition

— lowest possible threshold
— high data throughout (calibration)

— no deadtime
— veto possiblity: high E, high r (calibration) -

Based on CAEN waveform digitizers:
- 100 MHz sampling frequency

- 40 MHz input bandwidth
- 2.25V max. input signal
- 14bit resolution

- continuous buffer

- deadtime-less measurement
- zero-length encoding
- high energy veto
- on-line deadtime measurement

16000

ADC Counts

15950

15900

15850

15800

15750
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x10
Amp

Trigger
(inner top array;
FAN IN/
\ 16 batom PMTs) | AN N e pee .
Amp Discr
1us
D
ADCO || u
a . |
T CLK Scaler *‘ .
> — 1 MHz
I AND —L g "
. Time
D Life Time
S AND Dead Time| [
- L [ | >
0
. >
: m
ADC30
0.5ms .
T holdoff AND
AND

PMTs

@p—

7[I||||||I||||||||||||||‘|||||||

‘f

1 | 1
17000

1 | 1
18000

1 | 1
19000

1 | 1
20000

1 | 1
21000
Sample

new: XENONI1T

- continuous, asynchronous
readout of 256 PMTs

- Zero-suppression

- N0 common trigger: events
reconstruction on PC farm

- parallel readout

- acquisition monitor

- sophisticated veto
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I Photoelectrons - the basic unit

I Photocathode | _Y"or€ Chain - Anode

—y> .l xe100 080409 1059 000000.xed: Event 88, PMT 9

"H.-_,.v/ \..____,..-"'I j:ﬁma;—

I %gsoi—

HH-HH —

E 1 15350;—

"ul'nlta e e

Dividers Fm'ﬁ-'r Supply 3

SSSSSS

one photoelectron many electron signal
— measure current

S~ gan __—

alternatives to PMTs: APDs, SIPMs, new detectors (R&D ongoing)
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PMTs for 178 nm

Hamamatsu R8520 Hamamatsu R11410-21

£ - 1“ cube mesh PMT - 3“ diameter
&9 - low background; but - very low background;
dominating Xe100 developed in collaboration
e background with Hamamatsu 1
. - high QE (24% @ 178nm;  arXiv:1503.07698 ‘
the bottom tubes 32%) - high QE (36% @ 178nm)
wion 24+, MIOdeErate CE (~70%) - extensive testing in
el R cryogenic environments

JINST 8, P04026 (2013)

8) Flange of

laceplale

10) Flange

3) PMT body of stem

11) Getter
1) Quartz faceplate 7) L-shaped insulation
(PMT window)
4) Electrode 6) Shield
disk
\ a) Dynodes
AN,

9) Stem

o] 10 20 30 40 50 60 70 80 0 100 2} Aluminium
Eelative contribution [ %] seal
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PMT Amplifiers

Phillips 776 - PMT Amplifier — ,,0ld school but surprisingly good*“
_' General 16 channels, 1 input, 2 outputs R,

Gain 10 +2%, non-inverting —
; g"g S-'[ablh'fy +/-5.0 uVolt/°C, referred to the input. ~__—— ) B
Ilelero]| Linearity +/-0.1% to -3 Volts, DC to 100 MHz v

CXCEC) Bandwidth  DC to 275 MHz minimum, 3 db poi ’ Yo

| s : point.

:' . . . Voltage pre-amplifier 7
Risetime: Less than 1.3 nsec.

¢ i . Vout = __21'{{71

' Crosstalk Greater than 60 db, DC to 100 MHz. ] Ry

; T |fR—2 < A

ellekell Output Delay Typically 3.0 nsec. 1

ol
e @

Typically, one wants the pre-amplifiers as close to the PMTs as possible.
Problem here:  radioactivity — move further away
Exploit: triggering on (already amplified) S2 signal

M. Schumann (AEC Bern) — Noble Gas Detectors 28



PMT Gain Calibration

Principle: stimulation of the emission of single photoelectrons
from the photocathode by very low intensity blue LED light
— trigger on LED pulser
- 3-5% of events contain a photoelectron
— the others contain only noise

S T £ [
‘E10%F = 60 — PMT Gain
= 5
10°F 3
: s0f-
1025— 30 B
I 20:—
10g -
- 10
1_||| 1 0:|.|—’_|||||||| e B s e
-1 0 1 2 3 4 5 6 67 1.0 1.5 2.0 2.5 3.0
Gain [x 107] Gain [x 10°]

gains of all 242 PMTs
are equalized to 2x10°

M. Schumann (AEC Bern) — Noble Gas Detectors

xe100_080409_1059_000000.xed: Event 88, PMT 9

8
000
Q
Q

Q
2?950

15900
15850
15800
15750

15700

e b e L L |
16920 16940 16960 16980 17000 17020 17040
Sample

Peak Area =V xT = RxIxT

)
—RX%XT'

= RxQ
= R xn, X g,
VxT

Rxq,

= R, =

convert peak area
into number of
detected electrons

- one PE is amplified

to ne electrons

— definition of the gain
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ADC Counts

ADC Counts

+

ADC Counts

Waveform Reconstruction

250

200

150

100

1000

800

S00

200

140

120

100

80

50

20

-
<
—]
X

' N N ' N 1 N
5000 10000

N 1 N
15000

L 1 '
20000

L 1 N
25000

L 1 L L L . 1 L
30000 35000
Sample

o
<
—

<

1 1 1 1 1 1 1 1
5000 10000

1 | 1
1 5000

L 1 1
20000

L | 1
25000

L 1 L \ L L 1 L
30000 35000
Sample

'U
<
—l
N

plus many more...

Baseline is calculated and
subtracted individually;

PMT traces are added and
amplitudes converted to Voltage

L 1 N N L N 1 N
5000 10000

N | N
15000

" 1 '
20000

L 1 N
25000

" | N N N L 1 N
30000 35000
Sample

TOo0O

sS000

5000

4000

3000

2000

1000

o =} =]
\HH‘IIII‘\H\‘HH‘IIH‘HH‘\HI‘I IHH\‘IH‘IH‘HI‘\H‘\H‘H\‘ \I\I‘\H‘HI‘\H‘HI‘H\ \IHI‘\H\‘HH‘IIH‘HH‘\

(7))
c
3

, @

N | N N N L 1 N
5000 1 0000

N | N
15000

N 1 N
20000

N 1 N
25000

L 1 N L N N 1 L N N L
30000 35000
Sample 30



Peak Processing

The peak processor gets
physical quantities from
the waveforms:

1. Search for S2s

apply a digital low-pass

filter to smoothen trace

— search for S2 candidates
(>0.6 ps wide peaks)

2. Search for S2s

use unfiltered waveform;
do not search after the
first larger S2

For each candidate obtain
- area (PE)
- height (V)
- width (ns)
- contributing PMTs

TPC
% 1_— ¥, [0k (121, 50)
s F
foel 9o
06—
04—
02—
: p (09 OF 5L 880 79, 119 4]: (-0, -15) 2 (92, 75)
\ ¥ Yﬁ‘i.. Y 7 2 (92,75
0 50 1% T BTl B T R T
Time [us]
Veto
= F
%u,m:-s:— |
Eﬂ-ﬂm;— The electron drifttime is
0.003 = constant (and known) in a
0002 = uniform electric field
0.001 = — determine z-coordinate
= (with 0.3mm resolution!)
4.0012—
0.002—
-u,m:-af—
0.004 = | | A T B B SR B
0 50 100 150 200 250 300 350 200
Time [us]
31
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xy-Position Reconstruction

Goal: obtain xy-position from comparison of the Neural Network:
observed top S2 pattern to a MC generated one U AR A AR AR A RAR
- %2 algorithm E71 4 it quadrant nayy
- support vector machine (SVM) o o @ 3rd quadrant /&/ g
- neural network (NN) " ]

all algorithms give consistent results for R<142mm :
120; 4

measured position resolution: <3mm (1o) : // :
10— ]

| A msum @@Iﬁ@éxmoﬁwu_ - A ;
101 . :

I|IIII|IIIIIIIII
Co00 TOP

a n
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el
g@
X
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e :
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w
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How to get correct signals?

M. Schumann (AEC Bern) — Noble Gas Detectors
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Spatial Signal Dependencies

PMT HV and

Signal Lines %

Tube to

B
\_/

HYV Feedthrough

Double Wall

B i Cryostat

Cooling Tower |

Veto PMTs -

Top Array
PMTs ——

supporting
PTFE Rods

TPC —

Veto PMTs

Bottom Array
PMTs
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—7 [T ||

Diving Bell

Top Mesh
. Stack

PTFE Panels,
Field Shaping
Electrodes

Cathode

_- Screening
Mesh

10 cm
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I Top Array
PMTs ——

Light is reduced by:
surface reflectivity
absorption on impurities
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~ Diving Bell

Top Mesh
_ Stack

PTFE Panels,
~TField Shaping
Electrodes

__ Cathode

_— Screening

The same energy deposition
(=light output) at different

__ points inside the TPC yields
arger/smaller detected signal

10 cm |

!
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Light Collection Efficiency

bottom center

1. Map out light response in

small detector volumes

2. Determine the volume-
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Veto PMTs -

Top Array
PMTs ——

supporting _ |
PTFE Rods

TPC —

Veto PMTs _|

w % -~ Diving Bell
| E s |

Tl n| | | Top Mesh

Bottom Array —
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e | Stack
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| il electronegative i
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%/ ﬁhe same energy deposition
T e (—(iberated electrons) at different
=i points inside the TPC yields

w a larger/smaller detected signal
- 10cm
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I Electron Lifetime Correction

1. Measure the S2 signal of

a gamma peak vs dt 250 -
ok Te = 556 ps

2. The observed trend can be 4::
described by an exponential B

, , At s

S2(E) = S2o(E) exp (_r_) 200+ |

) ll;mll - ) | I-|-|]I l‘:n'iil | lHlJI I I'[I'lll I II?IJI l

If te is too small, the TPC Drift Time [us]

IS blind to signals close to the
bottom, maximum At = 175 ys

=
o 700 —
= ]
8 — $ ‘
3 600 —
s =
§ 0= —1
w —
400 —— |
300 — ]
— —2
200 —— —
— —3
100 — = g
: L ‘ L L L | L L L | L L L | L ; L | L | L L | L é
03/2011 05/2011 07/2011 09/2011 1172011 012012 03/2012
Date [Month/Year]
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Entries

Impact of Corrections

240F g 20T
2201 Cs137 £  Csl37
- o
200;— w 200__
180 B
. Uncorrected -~ uncorrected
= 150—

40 corrected - corrected
120 N
100} 100

80— -

60— -

40F S0

20(- - Te=492 us 3

% 200 400 ‘600 800 1000 1200 1400 O sp " ios B0 500 250500350 400

Light SLEE] Charge S2IPE]
— S1 light collection correction
dominates over S2 corrections
(electron lifetime+LCE)
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Resolution and Anti-Correlation

= L
3‘500— —— Sl signal |‘|]|
% L e S2 signal |4
&2 400— ) I
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B nht
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e 1\ Y
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1600
S1 [PE]

Exploiting the anti-correlation
between light and charge
leads to an energy resolution
around 2% (o/E) at 1 MeV

— comparable to Nal crystals

BUT: rather poor resolution in
WIMP search energy region
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How to get the interesting signals?
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Background Suppression

H>0 I Polyethylene

A Avoid Backgrounds
Use of radiopure materials

Shielding
deep underground location
large shield (Pb, water, poly)
active veto (U, y coincidence)

self Shielding — fiducialization

Pb . /Inw radioactivity Pb n

Palyathylene

Astropart. Phys. 35, 573 (2012)

B Use knowledge about expected WIMP signal

WIMPs interact only once
— single scatter selection
require position resolution

WIMPs interact with target nuclei

— nuclear recoils _ _
exploit different dE/dx from Charge/Light Ratio
signal and background

M. Schumann (AEC Bern) — Noble Gas Detectors
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S2/S1 Discrimination

log (82/81)

——

_I|III|III|III|III|III|III|III|fI’LILI__I_||_LI-I-:-

{.

—
P I SR T [ T T N N T S AN T M B

10 15 20 25 30 I 35 40
Nugclear Recoil Equivalent Energy [keV ]

=
L

E ==) excitation + ionization Ratio of excitation

1 ¢ ¢ and ionization depends
atom Xe' + e- on dE/dx and the
motion 4+Xe wxG type of interaction
Xe*2 — exploit to discriminate
¢+e between signal (NR) and
¢ background (ER)
+ X .
2>§etf’”h:’_ .or?.zat.fn >09.5% rejection
SC'“";;;”" electrons @ 50% NR acceptance
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log (82 /S1)-ER mean

Amplitude (V)

b
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0.2

0.0

II\TH-J'\‘.'T'\‘I |:\'|‘\.‘| ]‘4 |'| Ll I‘ 1 \‘|E\ I A S I \vl Sl
25 30
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50
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I Cuts: Acceptance and Rejection

Acceptance:

the fraction of good events which

pass a certain cut

— you want to have it as high as possible

Rejection:

the fraction of bad events which

get removed by a cut

— you want to have it as high as possible

b

logm(S2 /S1)-ER mean

1 wa, T T . : * .,
sl e e e v b b el brs g b i b g
10 15 20 25 30 35 40 45 50

Energy [keVnr] this example: ~99.5% ER rejection
50% NR acceptance

note: all other cuts have a much higher acceptance!

main difficulty: ideally, one needs a clean data sample
of signals (=WIMPs) to determine the acceptance.
Of course, this does not exist for WIMPs! Use single scatter neutrons.

our approach: evaluate acceptance loss as fraction of calibration events
(usually AmBe) failing this cut only. This works as invalid events
(=not WIMP like) are most likely rejected by several events.

Cuts are treated simultaneously if they are found to be not independent.

M. Schumann (AEC Bern) — Noble Gas Detectors 44



Data Analysis Cuts

Basic Data Quality Cuts

- reject non useable waveforms
(muons, micro-discharges, ...) 98%

- S1 coincidence 60-99%
- S1 noise cut 99.9%

- S2 asymmetry 99.6%
(wrong depth if wrong S1 is chosen)

Single Scatter Selection

(WIMPs interact only once!)
- only one S2 peak >93%
- only one S1 peak 98.8%
- active veto cut  99.6%

M. Schumann (AEC Bern) — Noble Gas Detectors

Energy Cuts
- low E region (S1>3 PE) n/a

stay at reasonable acceptance

- S2 software threshold  80-100%
stay at 100% trigger efficiency

Consistency Cuts

- S2 width cut 93%
(drift time ok? gas events)

- position reconstruction 99.6%
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Fiducial Volume

The high density of LXe (p~3 g/cm3) efficiently
blocks gamma background from the outside.

Fiducialization reduces the background, but

also reduces the exposure (= mass x time),
hence reduces the sensitivity

.
++++++

-
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-200
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. ot ere d -, %
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Optimize shape taking into
account various inputs:

- spatial distribution of background
- type of background

- known detector response

Optimize fiducial mass by
finding the best compromise
between sensitivity (with a given
background) and the possibility
for a detection:

. A
i expctd bg small expctd bg large
©)

o

Lo

®

c

o

i

(<)

n

g kink around 34kg

8)

Fiducial mass [kg]

46



Select Energy Range

S — | £
e 1Oe |
o [ L s
T |
= 05" = ‘3
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S1 (PE)

stay at reasonable acceptance,
,not too small” signals

M. Schumann (AEC Bern) — Noble Gas Detectors

no expected WIMP signal,
use region for backgrond tests
(high energy sideband)
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Cuts and Acceptance

S2 Threshold acceptance
(to be applied before S1 smearing)

NR acceptance
(benchmark region only,
need to define a ER
rejection level)

S1 [PE]
5 10 15 20 25 30
0= LN S A B, U 1 S B S
o
0.8 =
u —
= u
s 06
= B
o -
S 041
< - S
02
{]ﬂ:' I T P e Jdy oy s gy a1y PR I HN IR N S N T
‘ 5 1 15 20 25 30 35 40 45 50

Energy [keVnr|

Cuts Acceptance
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NR equivalent
energy scale
- signal quenching!
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Signal Quenching

WIMPs (and neutrons) scatter off nuclei
— nuclear recoils

y and B backgrounds scatter off electrons
— electronic recoils

Detectors respond differently to both types of
recoils since the energy loss mechanisms are
weigthed differently:

(6.~ (&) * (&)
dx tot d'x elec dx nucl

ionization, heat
excitation

In the regime of low nuclear Er, the nuclear

stopping power plays a significant role

— |ess ionization and excitation of target atoms

— |less observed signal in ionization/scintillation
detectors

— Signal Quenching (,Lindhard theory*)

In addition to this, there might be other effects which

lead to quenching, e.g. bi-excitonic quenching in LXe
(higher ionization density from NRs impacts the
generation of scintillation light)

M. Schumann (AEC Bern) — Noble Gas Detectors

Signal (WIMPs) Background (gamma-, beta)
Recoiling nucleus X gamma
v/ic =7 x 104
Er = 10 keV
F
-
|
F
Electron
v/ic = 0.3
gamma
0.8 = Neaon

lonization Reduction Factor

0.7

0.6

0.5

U.4

0.3

0.2 7 Only a fraction of the energy loss results in

01E ionization and atomic excitation.

__,.---I"

L ]

a0 100 150 200 250 300

Recoil Energy (keV)
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I S1 and combined S1+S2 Scale

S1 1 See 3
nr — ; S
LY .,-(feﬁ‘(En]‘) ‘SHT c»é
S1[PE]
5 10 15 20 25 30
T T A L
04" ] R
n | R . - i
02— 4 . e, y at -
= A q&..;_" Sobaam U R N ?,-_.sﬁ‘ ""'-f.:-:' -
P A M S s
Ef] 0.2 .‘r' . W 2 '?': .'-:“' I fail £ 2.4 3 1\ 1600
5 04 O S e LR L] o Lt | 3 .| [PE]
a,ﬂ N _—_J‘_-_______ E 2.2. ‘
@9-0,6:— I e e | E ol
Eﬂ 0,8:— I- //,.--"" I ;i |I
Lofs, ]Ir'/’ XENON2100 | g o
_lz;lzl/rrll“i"hL | | | 1 11 | 1 11 | [ L 111 |§I 111 ‘ | 11 | 11 I|I | 1111 EH:I 15-
’ 5 10 15 20 25 30 35 40 45 50 -
Energy [keVnr] g"-_ 1.4F
Example: 120 N
3 PE - 6.6 keVnr 1 . . | .
4 PE - 82 keVnr ° 0 Sleﬁz mrrecteda:ghe] “ %0
10 PE - 17.2 keVnr L :
20 PE - 30.5 keVnr Use a combination of S1 and S2 signal
30 PE - 43.3 keVnr to get a better energy estimator

— next step: combine signal and background distributions plus nuisance parameters
in Likelihood analysis — WIMP detection or upper limit
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The current WIMP landscape

— dominated by liquid xenon TPCs

10 | L | | | L T T T 1 T | T T 1T 1T 13
AR | spln-lndepeHdent WIMP-nucleon interactions 3
CID gy DAMAN arXiv:1501.01200
“ 10% :;‘ \
= CDMS-Si (2013) =
=2, N W\ —
= Y ;/; ; ]
o .. DAMA/I
E 104! - \.H"-.. Y XENON10 (2013) =
3 F AR =
2 o B CRESST-II (2014) ]
@ = T\ SuperCDMS (2014) =
— aakt O —
= N B . pan =
S EDELWEISS (2011/12)
- 43 014
o 107 E Darkside- 50 =
> — L (2010111 —
Z. - CDMS L= 1)
& el KRNI ]
104 = =
= ] 1 1 1 | ] ] ] ] ] ] 11 | ] ] 1 ] ] L1 IE
7 8910 20 30 40 50 60 100 200 300 400 1000
WIMP Mass [GeV/c 2] some results are missing...
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Now, let's switch
to Argon...

M. Schumann (AEC Bern) — Noble Gas Detectors
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Why Argon? - Neutrinos!

1
1 —— Ordnungszahl '::;
1| H £ O Metall He

J 2 C |- Symbol O Halometall 13 1% 15 16 17

.I r n n s o] O Nichtmetall = I R RE
arge abundance P AE A l— EEARIE)E S
— modest price [nalMel , . . L, . MEERE A

B

1¢ 1 12 | zeas| o509 | sner | soor | o
FEREE =4

- - . ig 20 élc 22 23 E# 25 !2‘6 27 ZSD GS_I 22 feic] s 3‘5
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th k b t g g t d t t 3940 | 40.05 || 44.96 | 4755 | 50894 | 5200 | 54.94 | 5555 | 5595 | 5569 [ 6555 | 6539 | 6972 | v261 | 7492 | 7596 | TRA0
— Cahn think about gigantiCc aetecCtors 5o 4555 |l axce | azee | sose | sioo|suse| sses | s3eh | sees |asss | ésse | eave | roti | 745 | vase | roso TV
$Rb|Sr| ¥ | Zr |Nb|Mo| Tc |Ru Pd | Ag(Cd|In |Sn| Sh| Te| I |Xe
- 547 | S7.62 || S50 | 9122 [ 9291 | 9504 [ 9591 | 1011 | 1029 | 1064 | 1079 | 1124 | 1145 | 1157 | 1218 | 1276 | 1269 | 1313
Py | t | t d t t Ec | == [ 7L [ 72 | 75 | 74 [ v= | 76 | 77 [ 78 [ 79 | 20 | &1 [ 82 | 22 [ &4 [ &5 | =%
relatively compact aetectors ¢/ Cs | Ba||Lu|Hf | Ta| W |Re|Os| Ir | Pt | Au|Hg| T1 | Pb| Bi | Po| At |Rn
1329 | 157.3 1P50 | 1vsS [ 15809 | 1655 (156 2] 1902 | 1922 195.1 197.0 | 200 2044 | 2072 | 2090 | 2090 | 2100 | 2220
. - - ST (== 103 E} Hi isDE- ﬁ:ﬂ lliﬁ ﬁgt iio 111 i1z i14 116 115
—> 7| Fr |Ra|| Lr ) Uun|Uuu|Uub Uug Uuh Uuo
eXp|O|t Self Shleldlng 223.0 ] 226.0 262.1] 261.1 2621 26% 264.1 | 2651 265 269 2r2 277 259 259 293
" o - -y
) @ —186 LN S e s N e T Ay s e
C ryog e n ICS a OVe 2 59 a0 EX az EE] a4 EL EL El S EE] 100 101 102
7| Ac|Th|Pa| U |Np| Pu|/Am|Cm|Bk|Cf | Es |Fm|Md|No "
zov0 ] 2520 | 2510 | 2380 | 2370 | 2441 | 2as | oara| eara | o511 | 2e00 ] 257 | 285 ] 2500 | pamiipen

e scalability to larger detectors

 excellent background discrimination
even when only measuring light

 well established technology

* neutrinos interact with energies
well above natural radioactivity (-1 Gev)

 use LAr to measure charge tracks
— very good particle ID

* More efficient than water Cerenkov
detectors
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LSND: Excess in Vp - V_Appearance

800 MeV proton beam

N

Energy range: 20 to 55 MeV
Water target

Baseline: 30 m

L/E ~ 1 m/MeV

Copper beamstop

+
> UV,
Stopped L» E+¥M\"¢
Pion Beam

Signature

Scintillation
‘{’

Cerenkov

1]
W

2.2 MeV neutron capture
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Beam Excess

& Beamn Excess
ER pe, .2’
0 piv.e'in
1 il
Event Excess:
322 +£90.7
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I Interesting experimental Situation

MiniBooNE: low enerhy event excess in

vV — V_appearance
T

v, =V, appearance

but NO v, disappearance

Excess Events/MeV

Excess Events/MeV

sin’26=0.2, Am2=0.1eV?
MiniBooNE 2v Best Fit

: _ﬁ |

Data - expected background
sin’26=0.004, sm?=1.0eV*

0.4 Event Excess: 162.0 £ 47.8 o
;,_i\—+ Neutrino
02 N ]

T 71—
y ] —r—— 1
00 [ 3 ¥
02 L . L L -
0.2 0.4 0.6 08 1.0 12 14 15 30
ECEIGeV

5in?26=0.004, Am?=1.0eV?
sin“28=0.2, Am?=0.1eV?
MiniBooNE 2v Best Fit
Event Excess:

T :

! —

»  Data - expected background

78.4 £28.5
Antineutrino

00 | T

= t

L i L 1 1 1
0.2 0.4 0.6 08 1.0 1.2

L L .
14 15 3.0

EC5/GeV

No global fit with LSND possible!

M. Schumann (AEC Bern) —

Noble Gas Detectors

Gallium anomaly (v dlsappearance)

- new analysis 18-

1.1

suggests that
radiochemical
experiments
Gallex/SAGE
saw too few
calibration events

1.05

1

0.95-

0.9

0.851-

0.8

0.75-

Measured / predicted

0.7

0.65

Reactor anomaly
(v, disappearance)

— new calculations
indicate that measured
neutrino fluxes are ~3.5%
too low

GALLEX1

GALLEX2

SAGE-Cr SAGE-Ar
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Sterile Neutrinos?

in the 3-neutrino picture

Normal

-—

W

3= —
i 9 |

"
s

r
m -

atmospheric
~2x107%eV?

solar~7x103eV?2

£

Inverted

_——
solar~7x 10~ eV 2

atmospheric
~2x107%eV?

s

o
-~

M 32

)
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()

V4
Sterile
V3
Atmospheric
Vv Solar
i
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4-Neutrino Mixing

With a single sterile neutrino we vo) [ U, U, Ug Uy Vv
get a 4x4 PMNS mixing matrix | Ve |_ Uu U Us [Uf | v,
and 3 independent Am?s. Vs Ug Up Ug U ] Vs
'\Vs,) \ Usl U52 U53 I‘]S-1 )\V4)
/7\ ‘\ M
2 2
U Uu—l I—' 54
The appearance probability: Sterile
observed? P =4U.,*U,,sin*(1.27Am;’L/E)
The v, disappearance probability:
observed? P ~P  =4U,2U,2sinX(1.27Am2L/E) V3 =
S oA T ( B 3 ) Atmospheric
The v, disappearance probability:
- V Solar
not P .~4U ,>U_?sin*(1.27Am’L/E 2
observed! MR s ( I ) V] e
© J. Link

— test in neutrino beam experiments
— generate mono-type v-beam and detect v-disappearence
or v-appearance of other flavors
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Liquid Argon Detectors
for Accelerator-based
Neutrino Physics

M. Schumann (AEC Bern) — Noble Gas Detectors
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Fermilab Short-Baseline Program

Baseline Mass

Oscillation Channels & Detection Mechanism SBND 110m 112t
Vy = Ve & Vy =V ve CC MicroBooNE ~ 470m 89t
v, &V, disappearance v, CC ICARUS 600m 476t
neutrinos
DTN F— e
— r-:!-"-ﬂ-.‘:"*_' |
¥ 5 h-.r- W,
o ‘. L)
[ ICARUS, 6.6e+20 POT (600m) [T MicroBooNE, 1.32e+21 POT (470m) HEi v, SBND, 6.6e+20 POT (100m) A
aspol- Signal: (am® =0.43 eV % sinf 20, =0013) EEK v, Signal: (Am® =0.43eV % sin* 26, = 0013) BEK - v, Signal: (m”® = 0.43 eV % sin’ 26, = 0.013) EEK v
- Statistical Uncertainty Only EK - v, Statistical Uncertainty Only EK -, Statistical Uncertainty Only EK =y,
as00[ : :.I‘CcSéngJ'e Kl g 1200 :fccsf;ngie bl == NC Single
% = nirt 8 1000 = E;u'rf
E 200 . E s00 :g;srn::cs
= 1500 [
g g} &00
W a0 = an0
500 200
0.5 1 15 2 25 0.5 1 15 2 25 0.5 1 1.5 2 2.5
Reconstructed Energy (GeV) Reconstructed Energy {(GeV) Reconstructed Energy (GeV)

— 3 LAr detectors: very good particle ID to reduce background misidentification
— near detecotor (SBND): measure inclusive beam and misidentified backgrounds
— cover different L/E values; large ICARUS increases statistics
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MicroBooNE

© M. Toups @ TAUP 2015 MicroBooNE

1 ‘I.ArTPC Detctor
m ) ostillations?

F ¥ L 'F_ - M >

- 3 \“. v |l

: AN ‘_r—:-_hj“--rs&_h ‘}‘ Ve .

1= o
target and horn p :
8 GeV protons (174 kA) ecay region .
( p ) (50 m) dirt

~ 500 m (L/E ~ 1 m/MeV)

:“" Simulated event Simulated event

Goals: — what is the MiniBooNE excess at low energies?
— measure v Cross sections

— R&D for future LarTPCs (e.g. long drift, cold electronics, no evacuation before LAr filling)
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M. Mezzeto

LBNF and &
WHDUNE _

MNebraska

-\ :;Q . ' .
“Fermifaly

LBNF-DUNE: 1.2 MW beam from FNAL, 40 kt Lar TPC at SURF, 1° 10kt
installation in 2021, CD-1 refresh out in June, CD2a-CD3a (cavern) this
autumn

* Three main pillars
1) LBL Neutrino Physics
= CPV in the leptonic sector
= Mass Hierarchy
= Precision oscillation physics (6,, octant, ...)
= Testing 3-flavour paradigm
2) Nucleon Decay
= Targetting SUSY-favoured modes, e.g. p —» K'v
3) Astro-particle Physics
= Core collapse super-nova, sensitivity to v,
+ Precision neutrino physics in the near neutrino detector

* LBNF will provide “homes" for the DUNE FD modules
= Four caverns + four cryostats for four 10 kt FD LAr-TPCs

#* Modular design provides flexibility w.r.t. FD design and fundinc
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MiniBooNE vs MicroBooNE

MiniBooNE

0®®%%2,

... ® . .: ... 'l... . .-'..:':
Fevoid s || o’ e
0
Electron,  y1uon Proton ™ 7717
Photon
(Cherenkov Detector)
pras . *.1/ 5
e AL St
Electron, Muon Proton % — .t
Photon L
(LArTPC)

— excellent particle ID capabilities, using dE/dx and event topology

— tracks can be reconstructed in 3D
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LArTPC

MicroBoone
10x2.3x2.5m3
89t LArin TPC
125 kV on cathode, 2.5 m drift
. (drift is horizontal!)
_HV ¢ 3 wire planes for readout
. £ 32 PMTs (20 cm diameter)
] i
450 nm ’
field | B 1250m ¢ i ]
shaping B et VAVALZ) = J
rings & T ¢ \
l TPB-coated | \ l
l acrylic plate ¢ ?
E
] ) \
:F "I
1 ,_ B
+HV
LAr

M. Schumann (AEC Bern) — Noble Gas Detectors 64



: Run 1153 Event 13. August 6 2015 21:02
00

Raw cosmic data — no noise filtering
nBooNE ‘| HBooNE _

-58 kV

¥ ies electromagnetic shower

50 cm

24 cm

Run 1153 Event 40. August 6™ 2015 21:07

Raw cosmic data —no noisefiltering

58 kV
p - e + Ve +V
-
=
[T4]
X Run 1149 Event 158. August 6" 2015 17:52

A B e ople as Detecto

=t
58kv \ cosmic muons + delta rays

Raw cosmic data — no noise filtering

70 cm

Raw laser + cosmic data — no noisefiltering

HBoONE _
58kV

70 cm

70 cm

Run 1306 Event 134, August 10t 2015 11:03



From Energy Deposition
to Tracks
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I Charge Readout: Wire Planes

-II:.I !I .i. i- I. || || —f ].—l_ —
y 1 . P&
& | > l_ﬂiE@\
. | L time / S .
L— r“"fn{""'r"f“ ‘| I‘ H ' i ‘ ‘“ \||l| "\'ﬂ

Transparency condition

Collection signal
(unipolar)

ADC counts

(bipolar) wires wire wire
radius spacing

e field
Induction signal between / \ field
O

» 2 (or more) planes of parallel wires (2-4mm pitch)  wiechamoer Front-End Electionics
arranged Wlth a gap Of ~5mm in between -"W::oplama\ 4 Collection Amplification Channels ) 7 DAQ )
* inner wire plane (induction plane) is on ground N .
* prevent that the electrons are collected on the I ) /_\ ’
wires by positively biasing the outer wire plane s 22| D K @
— electrons pass the induction plane, inducinga ||| ) )

bipolar current pulse (non-destructive readout)

/’_
— 2nd signal on collection plane . 5
(unipolar signal, destructive readout) — 1 Tﬁ’ A : @
\i&li’/ " o N

« get 3D position in TPC from 2 parallel wires and

time difference to trigger signal (scintillation light) || i —
A typlcal Slgnal fOI’ MIP 0(5000) e_/W".e ~O(1) fC \\Induclion planej-_/ \\ Induction Amplification Channels // .
— need sensitive pre-amplifier
R&D on alternative readout schemes ongoing (pads, LEMs, TGEMS)
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MicroBooNE DAQ

DAQ in Detector Hall

Single Vessel Cryostat with 8-10% UNage

To DAD AT

© M. Weber @ ICATPP 2014
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DAQ Test @ ARGONTUBE

,1he world's longest TPC*

Controller Frontend Buffer DAQ
2 LARASIC4 chips, i.e. 32CH Amplifier CAENV1724
per host PCB. 64 CH ADCs

Power

|| Configuratio
“# || Reset

Warm, for impedance
matching (gain 1)

@ 4.76m

m
-
o

Cold frontend electronics
LARASIC by BNL
- cold at 87K,
— configurable settings
J. Phys.: Conf. Ser. 308 012021
— directly on wire planes
— reduce thermal noise,
capacitive noise and pickup

>
Signal [mV]

coordinate [cm]
o o
~N A

re
=
© o

Collection wil

SH |2 |.||.| Wi

18

1o Bk T

&
Collection wire coordinate [cm]

A
70831’[ time [us]
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Time

From 2D Images to 3D Tracks

©E. Church b 3D For track ID:
OpDetHiits Y| OpFlash s — HEP techniques such as
\ Kalman Filters or Hough Transforms
wires  [lracks — also use ,non traditional®
Raw Data 44 Calibration Ferits —»Clusters O Vertex (—Event image prOCGSSing teChniqUeS
E Showers " :
: — use patter recognition algorithms
B — e (SVM, NN, etc.) to classify
=== —E. track topologies
Hi ‘ | =0~ | =
ItS ] wireplanes are at shx=
| el :_ P P Green (lfed) are (m.ext)
S o ) best Chi2 spacepoints
..'i:—————-—------'---- S __.__.._--.___._ xax\
. Shower - 5 , F
E _ Berevs st s
3 % JA
: == ] 0 P
_ 1 . 3 <
| ._ o 1 | b <~ 20
— — : tts - E : . i Ire. .A"’f# .ﬂ ”
o S S 3 s o e e 1, - simulated muon track e 0
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MicroBooNE 3D tracks

Run 1593 Event 215. August 19th 2015

[ / \ TS \ . \
l‘}‘x I'. "".'5, / T e E A ] l
N\ ;*\ A it - \ N\
| \\\‘ ' | \ 5 , I' 5 ; '-,.II
I/ T S
| A /
\ \ |
: /
uBooNE ' oy |
pBﬂﬂNP

Still work to do until LAr tracks can be reconstructed fast, reliably and automatically.

Main challenges: - distorted tracks, missing pieces (at low E)
— overlapping events (pile-up, cosmics!)
— noise
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Liq
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Liquid Argon TPC: Sterile Neutrinos

Raw cosmic data— no noise filtering

Run 1153 Event 40. August 6" 2015 21:07

Raw cosmic data —no noisefiltering

Run 1149 Event 158. August 6% 2015 17:52
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