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Direct Dark Matter Searches”
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Next generation experiments will need an additional handle on
top of rate and energy to discriminate signal from background:

DIRECTIONALITY
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Solar system direction

Men are from Mars, Women are from Venus
.....and WIMPs are from Cygnus :)




R,

‘The power of direction ¢~

* Annual Modulation: as a result of Earth motion relative to WIMP halo; rate modulation
with a period of | year and phase ~2 June; large mass required (~2% effect)

WIMP Wind
<

¢vj=230kmls ................
Galactic
WiMp
Halo
No background whatsoever can mimic a directional

correlation with an astrophysical source

PLUS: directionality is the only tool that allows to reject the neutrinos background from the Sun

|
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DM Direct Detection Experiments**
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¢ Directional gaseous detectors potentially provide the best observables of any DM experiment:
total charge collected indicates energy of the recoil

comparison b/w track path and energy provide excellent rejection of alphas and electrons

the track itself indicates the axis of the recoil

measurement of charge (and dE/dx) along the path allows to infer the sense of direction

€ 00 e

All these information offer much more efficient means to actively
suppress background than any other experimental approach

R
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30 cm

. ITEC roject s

> Pr ¢ A Negative lon Time Expansion Chamber
| | for very rare event searches

¢ Negative ions as image carrier
_ . , ¢ 30 cm drift distance

- " : ) "J ¥ Triple GEM amplification
| ‘. ¥ CMOS pixel readout

GEMPix

Innovation: first combination of negative ion concept
with GEM amplification and CMOS pixel readout
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3 ¢ Prove capability of:
triple GEM
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¥ 3D reconstruction of the recoiling track with
-2

- & O(200) um spatial resolution
¥ Quad Timepix3

e

¢ Low energy threshold with signal/background
discrimination below 50 keV

; m”ed on/ 5/2015 ¢ Sense (“head-ail”) discrimination down to

about 50 keV

¥ 30 cm drift distance with very small disruption

| MARIE SKLODOWSKA-CURIE ACTIONS
' # 657751

Individual Fellowships (IF)
Call: H2020-MSCA-IF-2014

of performances due to diffusion
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Effective Gain
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Amplification o

GE

e e e e e GEM readout:
bTrip|e GEM gain 4 GEM s for electron amplification
s drift gap external fleld and to block backdrifting ions.
ol - Electron Microscopy of a GEM Foil Signals on the pads through
F 1""‘ Charge Collection.
. GEM field .
XX
gas ampll, ;g
ERN GDO Group (2001) e I -::
0’ - ) N
: ® ArcO (W) T /0000
© ArO JCF, (602020) 1.GEMfor ®# ® ® &
® AKO/CF,(451540) ion blocking
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Vel+Vgi+Vgd (Volt) : a?; g.‘iuica ion 2>+ ,/,/_;-‘;f_i:';&e &
 Micro pattern gas detector PN ZZ 2227 ¢
¢ Particle conversion, charge Two-Track-Resolution: ~mm?
amplification and signal induction ¢ Thin holes are etched in a
zones are physically separated metallised kapton foll and a
§ , potential is placed across it
Large dynamic range: from 1 to
10° particle/cm? /s » Very large electric field around G . -
® Gain up to > 104 the holes (|4O k|V/Ccrjn)|wh|ch
, T , creates a localised electron Pads e S——
€ High stability/granularity avalanche Q!
Signal distribution .
on the pads
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TimePix
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¢ TimePix is a pixelated silicon detector developed by MediPix2 collaboration

€ We use a 2x2 array for a total of 512x512 pixel of 55 um side WITHOUT silicon sensors
€ Processing electronics, including preamplifiers, discriminator threshold and pseudo-random

counter fit inside the footprint of the overlying semiconductor pixel.
€ Can be operated in counting TOA, TOA and TOT mode but also TOA/TOT MIXED mode

‘ 3 we'
.| No silicon in our TimePix, just

T charge collection
—ft

— -
Amplifier

Threshold
level

| [

Compa-
rator

Counter
200

Start of Preamp End of
Frame Output Frame
Threshold ]+« cooeveevee i
Noise \
cock LU U UL LULLL
10020nS  |—OT TOA

€ Timepix clock can run from <1 MHz up to 100 MHz
€ Timepix counter depth is 11810 —> limits total acquisition time —> ok for negative ion slow

drift as well

R
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A

~TimePix vs Timepix3 &~

Timepix (2006) Timepix3 (2013)

Pixel arrangement 256 x 256

Pixel size 55 x 55 um?

Technology 250nm CMOS - 6Metals | 130nm CMOS - 8Metals

1) Charge (iTOT) 1) Time (TOA) AND Charge (TOT) ‘\
Acquisition modes 2) Time (TOA) 2) Time (TOA)

3) Event counting (PC) 3) Event counting (PC) AND integral charge (iTOT)

1) Data driven (DD)

Readout Type 1) Full-Frame 2) Frame (FB)

Zero suppressed readout

Dead time per pixel ” 302:isout time of one frame > 47ons Pulse measurement time + packet tra:s e
Minimum timing resolution | 10ns 1.562ns 6.4x
S I
Minimum detectable charge | ~750e- >500e- 1.5x

1 LVDS £200Mbps

Output bandwidth 32 CMOS <3.2Gbps

1 to 8 SLVS @640Mbps DDR <5.2Gbps 1.6x

B . |
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GEMPix
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Triple GEM detector with Developed by LNF (F. Murtas) in collaboration with CERN ’
HV filters and connector

Triple GEM

| 1

Quad Timepix ASIC

-

-

Quad Timepix ASIC
board with naked devices
(i.e. no silicon)

A dedicated
GEM HV
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pixel size 55 x 55 um
Quad Timepix (512 x 512 pixels) = 4 Timepix chips
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Negative lon drift &~

€ Mixture of target gas + electronegqtive

gas (typically CS,)

€ Primary ionization electrons are captured

Negative by the electronegative molecules at
BA*A, !Ielnme O(100) um

e -

€ e Projection . _ .

J Y Chamber € Anions drift to the anode acting as the
CSp Jeff Martoff effective image carrier instead of the

2CS, electrons
e .
eecccccovGeccee € Thanks to the much higher anions mass

w.r.t. electrons, longitudinal and

i i . transversal diffusion is reduced to thermal
< 0.5 mm diffusion achieved over limit w/out any magnetic field

0.5 m drift length w.r.t. 10 mm
obtained with electrons
(no magnetic field)

J. Martoff et al., NIM A 440 355 '
T Ohnuki o ol NIM A 463 Address TPC typical volume limitations '
* : |
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€ At the anode, the electron is stripped
from the anion and normal electron
avalanche occurs



Negative lons & Fiducialization®™

A

Fiducialization is paramount in Dark Matter search

experiments to suppress radioactive background from
detector materials

Recently, the DRIFT experiment:

® 1% oxygen added to normal 30:10 To

mixture

e Appearance of “minority carrier” peaks earlier
than the “majority” peak, carrying ~1/2 of the total
charge (see Snowden-Ifft Rev. Sci. Instr. 85 (2014))

e Timing between main peak and minority peaks
gives absolute Z information on events

Q Minority carriers .|  Main peak
region region
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e.g. XENONT100 use LXe as self-
shielding, with a “fiducialized”
target mass that is only = 35% of
the total mass
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o
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F recoil energy (keV)

Allowed to simplify cuts & enlarge signal
region: from ~5% to ~90% signal efficiency

FEATURE AVAILABLE ONLY WITH NEGATIVE IONS DRIFT '
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Could SF; have only nice features of hoth???

200

w 150

Count

100

50}

SFs: a new player in the game

)
INFN

C

electron gas features

« Example: CF,

Larger diffusion -> smaller
detector length

Spin target -> no sacrifice of
volume -> higher target
density at same pressure ->
can operate at shorter drift

lengths.
Benign
Good scintillator -> allows for

negative ion gas features

mple: CS,
Low diffusion -> large detector
length
Good high voltage operation
at low pressures
Demonstrated fiducialization
Lack spin-dependent content -
> sacrifice detector volume to
enable negative ion operation
with a spin target

ONLY ONE measurement exists, with

optical readouts
Fiducialization?

Gas gain proved '

R — histEng
] Entries 4647
Mean 2749
RMS 1201
2/ ndi 6669 /53
Strength 1931+ 59
Mean 3059+21
Sigma 7502 +256
Back1 1.159 £ 1.016
Back2 5224+006
Back3 0.005674 + 0.000623
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300}

200} \
o 1

0 JA{ L\/--

19%0 2000 2100 2200 2300 2400 2500
Time (us)

searches

13



A
GEMPix + NITPC: A Time Expansion Chamber /¥*

€ At moderately high reduced fields, anions drift at about 100 m/s, compared to about 104
m/s for electron in typical atmospheric pressure drift chamber conditions

¢ Excellent GEMPix time, energy and spatial resolutions

€ Slow anions speed + typical separation of primary ionization clusters in gas + GEMPix
performances = Time Expansion Chamber

¢ Single ionization clusters drift slowly and could be individually observed with high precision:

a relative time expansion between ionization process and signal readout has effectively
been achieved

Single ionization cluster observation can provide excellent dE/dx information, improved
position resolution and possibility of superior energy resolution for low energy radiation

“The Time Expansion Chamber and single ionization measurement” (A.H.Walenta, IEEE TNS 26 73)
“Suppressing drift chamber diffusion without magnetic field” (C.J.Martoff et al, NIM A 440)

R
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NITEC synergy: DCANT"

Channelllng concept

Detector concept
Low pressure gas Range of 10 KeV ¢C
(0.1 bar) 2 WIMP wind in 0.1 bar Ar
~ 1mm (TRIM)

g ——— Carbon ions
ranging out
In the gas

4

. Electrons from
Drift distance | SRR ionized gas atom
can be ' drift towards

10 cm anode
Triple GEM
Read — outPads

Segmented ancde J

<
7]

Not to scale!

§ (0 = 0 side) e
h ~100 um - -
o

Z
Critical (Lindhard’s) angle S ~ n(5)2 nm? O

g e
—-——————

2l . Potential well depth

6, =|—=2

E Particle energy

GAS I

~ 8 deg for C at 10 KeV

Need to be tested:

Use electron beam at LNF BTF to “extract” carbon ions

Could allow an integrated gas + solid DM target

from CNT experiment WITH DIRECTIONAL SENSITIVITY
Or:; ga;bon ion elastically scattered by a 500 MeV electron S About 1016 1nm diameter
rigger on | o :

scattered electron at well defi ned angle: Mtk ‘ ) " SWCNT can fit on

beam clearly visible a 10x10 cm? substrate

CON: gleclron .beag § Surface density of a

can Induce a sizeaole - <

. > - F graphene layer:
back d into TPC
grouncime 3 1/1315 g/m?

e 5 deg. electron e T - T “om e o p)
g scattering angle About 2 g CNT on 100cm?
5 ) CNT ropes?

"~ Developed an active and fruitful collaboration with DCANT group @ Romal 5
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The first NITEC prototype

)

INFN

This is the first 5 cm drift distance TPC ever realized with GEMPix readout '

v

-~

1 .“-

R e

*.f “triple GEM

- 2

Cathode _
=
Tr—— T O Laptop A
B e , 2 DAQ & HYV settings coptrol
< e .S A
< -g
| —— S
field cage HV filters & o =
connectors 5 mm ©
i __-.—'ﬁ- EEEEEEEEEEEEENRI GEM‘l
1T mm
o - wRmEE .'I.r:r.n. "meRt GEM 2 Controlled by HVGEM '
Ime IX | /‘ .lllll2llllll..| GEM3
mm
BlueBox DAQ ——— - to BlueBox DAQ '—’
Quad TimePix
2.8 x 2.8 cm?
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NITEC activities @ LNF~

€ Characterization of the small prototype with Ar:CO2 and
Ar:CO2:CF4 mixtures in traditional electron carrier
configuration with:

€ Cosmics

- 95Fe spectrum Jul-Sep 2015 '
€ Electrons at BTF Oct 2015/Apr 2016 '

¢ Design and procurement of vacuum vessel to operate
below atmospheric pressure

€ First tests of the small prototype with SFs mixtures NINOVRZIISRRPIRZOTO '
¢ Design, development and manufacturing of large May 2016 '

prototype May 2016 - 222 ’

€ Characterization of the large prototype with SF¢ and CS;

mixtures (2) Nov 2016 - Mar 2017(2) '

¢ Synergically with the DCANT project to test
anysotropic response of carbon nanotubes for

directional DM searches
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Drift velocity (cm/us)

Time of arrival (us)

htemp
1 kV/ chm Entries 7839
0.1} Mean 0.8084
;: l [ | RMS 0.1819
450 MeYV electron T | ﬂ 1.5cm
beam data @ BTF °° 2.5cm

T 1L J ~ 3.5cm
T jj [ ] L '\ 45cm

x° / ndf 0.5851 /1
Prob 0.4443
p0 -0.2082+ 0.1061
39 p1 3.896 + 0.2364

Consistent with
published

measurements

03 04 05 0

08 09 1

Drift field (kV/cm)

Drift Velodity (cm/us)
(-

Ar/CO, (70/30)

Ar/CO,/CF, (60/2020)

Ar/CO,/CF, (45/15/40)

® > * O

ITEC characterization with Ar:COz:CF‘Q'f'7

P | | - L M i l P |
1 2 3 4 5 6
Drift field (kV/cm)

E. Baracchini - NITEC: a Negative lon Time Expansion Chamber for very rare events searches

18



NITEC characterization with Ar:COzzc:F‘té"/f'7
o

- ; htemp
C o Entnes 4980
500— 4800 Mean 22436404
u 4000 RMS 6403
[ o £ 1 nat 0.004552 / 21
400(— . 3500 Prob 1
N ' Constant 0.05953+ 0.08835
o 4585 3000 0 Mean  2.5120+04+ 34840403
3000~ . X - Sigma 2671429337
T o 10%
Mee 1 i
100}— - 1000
: 5000 o.M
c'- AAAAAAAAAAAAAAAAAAAAAAAAAA
00 200 300 400 500 L\ n -
N o % 10000 20000 30000 40000 50000
volume

10% - 12% energy resolution
with non-optimized calibrations
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Cluster Counting with Ar:COa: CFA’””‘

Standard GEMPix code
(MAFalda) cluster finding output

TOT

1
500f 3
r r Eo
| ]
> -
»r -
00 S

A cosmic ray recorded track
(raw data)

160 180 0 0 280 M0 ) 0 00 0 o
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Cluster Counting with Ar:CO2:CF 4

Fucyt_picy
Entres 303

Meanx 1892
4 Meany 4007
AMSx 4%
AMSy 5100

¢ Start from BlobsFinder output and
see if found blobs represent mo@

than one cluster

a

06

05

04

¢ Tune the logic on 55Fe data where

03

02

only single clusters are present

0.1

180 182 184 186 188 190 182 194 106 108

¢ Extremely simple strategy for the

moment

¢ Look at xy, xt and yt projection

485715

0 9933

¢ if single cluster, xt and yt s anwiene

0 000 + 0 COO0A?

projection can be fitted by pol2

¢ More complex strategy to be

developed 180 182 184 186 188 190 192 194 196 198 07504 500 "398 400 402 404 406 408 410 412

R |
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Cluster Counting with Ar:COa2: CFA’"”‘

4 I +

it

cccdosodocodosle i)

L JEE B B R

r'i'"i-"i'ﬂ i”'

Leaad [P et Pow
L L L B L B B
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Cluster Counting with Ar:CO2:CF 4

BlobsFinder MAfalda framework output

-

81818181841e+02 {nBlobs>0 && nBlobs/dX<0.3}

All pixels information (private code)

~ htemp

' Entries 367
0 Mean 12.09
' RMS 6.267
0. ¥ I ndf 0.1916 /46

Prob 1

0.0 Constant 0.05514+0.08971
' Mean 11.08+ 3.81
0 Sigma 3.157+3.953

A . . 00 -
TEAEATEATETETEETEETEEEEETEE TR EEEETEETEETEEETEE -

oO
Yy
o
3

30 40

#of clusters/cm expected ~ 25
more work needed but already very encouraging (~50% efficiency)

From Nygren’s paper it appears that, even if the counting efficiency is significantly less than 100%, the energy
resolution can still remain close to the intrinsic resolution. The reason for this is that if the fraction of
counts lost is not large, the level of fluctuations in the lost counts is small relative to the intrinsic
fluctuations in the number of electron/ion pairs in the total track. This assertion implicitly assumes

f
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NITEC negative ion operation with SF6 e

g\
ot 09°
FIRST EVER negative ion operation FIRST EVER negative ion operation
with SFs and thin GEMs with Ar:CO2:SF¢ mixture 58:15:27

500 ¢ Encountered several operating issues for the TPC due

L

—1#9 6000
I to the low pressure regime (worst part of the Paschen
i-s000  curve)

¢ Field cage built by Nikhef before the NITEC start
for proton tomography and to be operated at

400

Ll

VERY TINY negative ion drift
clusters in Ar:CO2:SF¢ @ 370

Torr (gain to be optimized)

—4000
300,

llllll

200

IIIIIII]I1TI]TIIII

Hsooo atmospheric pressure

.-

¢ Pressure and drift field strongly limited by this

=12000

€ Data taken at 370 Torr with ~0.3-0.6 kV/cm drift

|

- field
-!90
20 1-ls0 ® Thanks to this experience, we are carefully designing

DWW 4% .t 2 Qe arc @ Do a0

—

|70 the large prototype and performing preliminary tests

lll|

on each component in order to solve all these issues

electron drift clusters in Ar:CO2 @ 740 Torr

RN |
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0.3 kV/cm

Drift Velocity [cm/ms)

0.4 kV/cm

Negative ion drift velocity measurement in Ar:CO2:SF¢

0.56 kV/cm

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Drift Velocity [cm/ms)
1 4%/ nat 60.34/2 [
Prob 7.901e-14 £/ ndl 0.1548 /1
pO -0.1507 + 0.06518 Prob 0.694
p1 0.4546 + 0.01032 p0 -1.1+0.1478
141 P! 0.8031+ 0.0284
o
2
.
| Ao o o o B . . . . 1
2 3 5 3 7 L] ] 45 s 55 65
Ims] (ms)
Drift Velocity [cm/ms]
§ Hxina 2067 /3
Prob 0.5586
p0 -1.086+0.08186
asy p1 1.193 £ 0.02481
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-
Negative ion drift velocity measurement in Ar:CO2:SF; ok

Drift velocity compatible with negative ions L. Christophorou & J. Olthoff
(need to understand and prove which ion species is drifting) J. Phys. Chem. Ref. Data, Vol 29, No. 3, 2000

BTF measurement of “allegedly” SF¢ 1.0
drifting in Ar:CO2:SF¢ (58:15:27) S a0
e SE((SF,) (Patterson, 1970) .
09F - SF ¢ (SF,), (Patterson, 1970) -
Graph i S
- [ moe Fleming (1969)
*o Naldu(1970) ©x
E x’lndf 4.003/1 08} : Teich (1972) x -
S 1 Prob 0.04541 T
" g4 po -0.4054+ 0.03633 -
P1__ 0.00288+0.0001021 %
0 %‘ Ex
o »
0.
0
0
OAA heddndh heddndh heddd e Aededded A
300 350 400 450 500 550 EN (1077 V cm?)
E (Viem)
with the large prototype we are designing ~0.5cm/ms @ 0.3 kV/cm @ 220
we will be able to test lower pressures and Torr for SF¢ drifting in SF
higher drift fields (expected higher in lower density gases)
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NITEC in the context of CYGNUS-TPC(f’7

€ NITEC is among the main actors of directional DM search CYGNUS-TPC kick-off meeting.

working for the formation of a new international S iniworiehopondI. .. <carches and
collaboration for the development of a multi-ton directional e coherent neutrino scattering
: April, 7 - 8" 2016
DM experlmenf et . Laboratori Nazionali di Frascati - aula Conversi
R . . . International advisory committee Local organizing committee
€ CYGNUS-TPC kick-off meeting organized here at LNF in Kentaro iichi Elsabots Baracetin

Ne:l Spooner - . Gianluca Cavoto

April 2016

The aim of this mini workshop is to discuss the recent stz f Darl
a . . . . neutrino scattering searches with innovative technologies W|th Iow backgro ind, low energy
CYG N U S-TPC Ofﬁ Cid I Iy recog n |Zed 1] thi’N ext Wh ||'e threshold and directional capability. In this context, we are presenting a new international enter-
prise for the construction of a Global Observatory of nuclei elastic recoils induced by Galactic
WIMP, to be called CYGNUS-TPC. We envisage the ultimate vision of this experiment to be a multi-
pa pe r ton target mass gas to be detected by Time Projection Chambers distributed in five underground
laboratories scattered around the Globe. We are building a new international collaboration to
prepare a Letter of Intent and a Proposal. For these reasons, the first day of the workshop will be
dedicated to phenomenological and experimental reviews together with CYGNUS-TPC presenta-

g M ana g ed to g Cli'h e red fh e inie rest OF pq rt OF fh e il'CI I | an tions, while the second to a more detailed discussion of the CYGNUS-TPC Lol within the collabo-

ration.

neutrino community

€ NITEC SFs studies and measurement will be fundamental
for the development of CYGNUS TPC proposal and CDR

e
""-r-" ml'ilé"' ¥

A e

'M Anybody interested is more than

e e

B welcomed to joinl!!!
E. Baracchini - NITEG

NFN Laboratori Nazionali di Frascati - Via Enrico Fermi, 40 00044 Frascati (Roma) Italia
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NITEC to do (on going) &

¢ With the small prototype: Hint of different minority
€ Measure gain in pure SFs data between 150 and 340 Torr with 55Fe EEIpE
radioactive source (data analysis on going) :

€ Verify the presence of minority carriers with different mobilities for
fiducialization

€ Measure gain in Ar:CO2:SFs (58:15:27) at 340 Torr

€ Improve single ionization cluster identification and measurement

¢ With the large prototype:

€ Gain and drift velocity measurements of pure and mixtures of SFs
¢ Test of carbon nanotubes anysotropic response at the BTF
¢ |dentification of the minority carriers for fiducialization

€ Gain and drift velocity measurements of pure and mixtures of CS; at
DRIFT colleagues lab in Sheffield University

€ Test of NITEC large prototype read & amplified by the GridPix readout =80 e
from our colleagues at Bonn University | .
universitétbonnl

R |
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" X ray polarimetry

¢ A photoelectron is emitted preferentially
aligned with the electric field of the
incident photon

¢ Measurement of photoelectron direction
provide information on photon polarization state

¢ Very few measurements of X ray
polarization

¢ Can probe exotic astrophysical processes
with the strongest gravitational and
magnetic fields

¢ The community has just started to explore
the use of NITPC (with Ne) [arXiv:1107.3079]

E. Baracchini - NITEC: a Negative lon Time Expansion Chamber for very rare events searches
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both with CH3NO; as capture ag

[ Neutrinoless double beta decay searches |

with light readout
$ A NITEC capable of counting each primary

free electron liberated in a Xe gas by an
ionizing event, will approach the intrinsic
fluctuations in the conversion of energy to
ionization [D.Nygren, JPCS 65 012003]

$ Even with counting efficiency significantly
less than 100%, a 5 x 10 FWHM energy
resolution could be achieved

® First tests with a 17 bar Xe conventional TPC

show very encouraging results (1% FWHM) [A.
Goldschmidt et al, IEEE NSSCR 1409]

Fg 1 Crom secton of e TRC. Wire meshes separate e 19 PMT sy

INFN

Not only DM: Alternative Applications"

from seversl reglom, Bogisaing & B mesh in frost of the PMT sy, fom
it w0 fighe. & 5 om buffer repwon, an § cm dnift region, & 3 s EL pap, ad

reghon. (Drawing by Robes Labover ) )
ent
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