CYGNUS

The

Directional Detection & = Bals

2 Of

the CYGNUS Pro J ect S Sheffield.

Neil Spooner, Unfvefsity of Sheffield

» Motivations for nuclear recoil directional sensitivity
» The CYGNUS concept and proto-collaboration

» Progress and challenges for a large directional TPC
» Recent results from the Boulby CYGNUS/DRIFT programme

Sorry for some bias towards my pet interests

Thanks to those from whom | have borrowed slides and info



"I can't tell you what's in the dark matter
sandwich. No one knows what's in the
dark matter sandwich.”
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WIMPs!



~Current WIMP Situation
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Neutrino Coherent Background

Coherent neutrino-nucleus scattering rates on a Xenon target:
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Directionality - A Better Signal

> A directional recoll signal is a very powerful proof
> Lets be prepared!

WIMP Wind
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Directionality - A Better Signal

> A directional recoll signal is a very powerful proof
> Lets be prepared!

WIMP Wind
et

$\Lq=230kmls

Galactic
WIMP
Halo

> Measure the nuclear recoil track itself
and determine the head from tail or sense

WIMP -
\ nuclear recoil track charge



Power of Directionality - Solar Neutrinos

e Sun does not coincide with peak WIMP direction at any time

e |t should be possible to distinguish the two signals at any time

'8 neutrino recoils WIMP recoils

Le-&azzk///

Sep. 6"

Max. separation
between WIMP
and neutrinos

Feb. 26™
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between WIMP
and neutrinos
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Power of Directionality - Astrophysics?

e Potential for WIMP “Astronomy”

Standard Halo With Sagittarius Stream

WIMP flux

S recoil flux
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simulations by Ben Morgan (Sheffield)



Neutrino Coherent Rates, Fluorine

Louis E. Strigar1 arXiv: 0903.3630v2
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Below the Neutrino Floor

Wlth 1 D! 2D! 3D! Head'TalI « « « 3D no sense recognition
CAJO, Bilard, Green, Figueroa-Feliciano, v 3D
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Directional Strategies and CYGNUS
(1) High Density Targets Solid, Liquids

It would be nice! But a long history of looking has not so far produced much

Old work But recent work is progressing...

Stilbene Anisotropic scintillators

Rotons in Lg He Emulsions

Phonon focussing Columnar recombination in Xe/Ar
Multilayers.... Carbon nano-tubes

(2) Low Pressure TPCs

DRIFT
DM-TPC
MIMAC
NEWAGE

D3

Italy R&D
Australia R&D
others..



Directional Strategies and CYGNUS
(1) High Density Targets Solid, Liquids

It would be nice! But a long history of looking has not so far produced much

Old work But recent work is progressing...

Stilbene Anisotropic scintillators,

Rotons in Lg He Emulsions

Phonon focussing Columnar recombination in Xe/Ar
Multilayers.... Carbon nano-tubes

(2) Low Pressure TPCs

DRIFT
DM-TPC
MIMAC
NEWAGE

D3

Italy R&D
Australia R&D
others..

CYGNUS

(1) DM below neutrino floor (2) Coherent solar neutrinos



CYGNUS - Agreement
CYGNUS agreement includes Solid and TPC technology

- CYGNUS proto-collaboration agreement (Sep. 2016-)
- 50 signatures (as of Nov. 2016)

— e — - Steering group
| - 4 working groups, monthly TV meeting
Engineering WG (N. Spooner)
. ——- - _ Simulation WG (S.Vahsen)
T Neutron WG (E. Baracchini)
T e Gas R&D WG (K. Miuchi)

Main Page

Cecng oy

(includes common analysis)
(broad aim - below neutrino
floor, high and low mass)



CYGNUS Activities

*CYGNUS* : from workshop to collaboration
- biannual workshop for directional detection of dark mater (2007-)
- two related papers (2010, 2016, 2016), another is ongoing

- proto-collaboration agreement (Sep. 2016- )

Cypna 2015

Cvanus 2015 . F. Mayet et al., A review of the discovery reach of directional
ygnt Dark Matter detection, Physics Reports 627 (2016) 49

nth workshop on directional getection of dark s

Rl ropariord Dasen  Almdrm i Regrvir sbuw.  Agerdde VW Aver e oy

“» highlighted paper “physics paper”

e Cpgrea Condareacan ir . ‘ 16 authors
et J.B.R. Battat et al, Readout technologies for directional WIMP Dark
St Matter detection, Physics Reports 662 (2016) 46
CYGNUS TPC luck-off meetmg e PRI “readout paper” 93 authors
s o f. ;,{ Physics Reports
.

por el bwv efage A
Internuntionnl Journnl of Modern Fhysies A
) World Scoentiic Publishing Compas

Readout technologies for directional WIMP Dark M
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“white paper® 112 authors

THE CASE FOR A aTagage A
DIRECTIONAL DARK MATTER DETECTOR AND
THE STATUS OF CURRENT EXPERIMENTAL EFFORTS
Keadout technologies for directional WIMP Dark Matter
detection

Physics Reports




CYGNUS - Multiple Sites

Directionality benefit from multiple sites at different latitude

» Stawell
b

new lab
funded in
Australia




CYGNUS-TPC Baseline Concepts/Aim

» SF¢ target (~x5 more F per volume than current)

> Fiducialisation, -ve ion drift, head-tail sensitivity

> Multi-tonne, multi-underground site,

» Staged programme - low WIMP mass, high WIMP mass

W9 %57 | spin-Dependent WIMP-proton Limits |

vy = Bin The Pathfinder Strategy
m: = “:\u., \_/

10° o L= o J

10 o \ — - «——— ~Current directional
, 3 N experiment state

WIMP -proton SD cross secton {pb)
4

Australia, China, France, Italy,
Japan, UK, US

WIMP Mass (GeV)



CYGNUS-TPC Baseline Concepts/Aim

> SFe target (~x5 more F per volume than current)

> Fiducialisation, -ve ion drift, head-tail sensitivity

> Multi-tonne, multi-underground site,

» Staged programme - low WIMP mass, high WIMP mass
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How Not to be Afraid of Larger TPCs
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How Not to be Afraid of Larger TPCs

O\

CYGNUS-TPC —%

> Size is ~ 100th scale of proposed DUNE liquid argon TPC
» But would also be spread on multiple sites



CYGNUS NOW

Stage 1 Vision

(1) CYGNUS-TPC-South (10 m3 vessel....readout 1)
(2) CYGNUS-TPC-North (10 m3 vessel....readout 2)
(3) R&D at 1 m3 (CYGNUS-Japan, DRIFT...

North - Boulby, LNGS, Kamioka?
South - Stawell?




CYGNUS NOW

Stage 1 Vision

(1) CYGNUS-TPC-South (10 m3 vessel....readout 1)
(2) CYGNUS-TPC-North (10 m3 vessel....readout 2)
(3) R&D at 1 m3 (CYGNUS-Japan, DRIFT...

North - Boulby, LNGS, Kamioka?
South - Stawell?

CYGNUS-TPC Optimisation

» What directional capability is optimal - 1D, 2D, 3D + HT vs cost?
> What gas - can SFe¢ work well enough for fiducialisation?

» What directional sensitivity can there be <20 keV ecoil?

» Can zero background be achieved (particularly neutrons)?

» Can we use multiple underground sites



New Studies - Funded Act|V|ty

UNM acrvllc (USA)
) Hawaii D3 (USA)

1 m3 CYGNUS test
vessel (Japan) —

10 m3 designs
(US, UK)

SFe¢ R&D,
Frascati, (Iltaly)

10 m3 vessels (Australia)




What Directional TPC Technology?

“high definition - 3D” “low definition ~ 1.5D”
e.g. D3 - pixel e.g. DM-TPC-CCD e.g. DRIFT - wires

small volume R&D larger volume R&D, low background

Gnrd I
- II

Field
*\t—f

" Head-Tail




CYGNUS Next Paper

» Next CYGNUS paper underway will address issue of
cost-benefit of readout options

Feasibility of a Nuclear Recoil Observatory with Directional Sensitivity to WIMPs and Solar Neutrinos
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New Site Infrastructure
Stawell, Australia new site




New Site Infrastructure
Stawell, Australia new site

Scale of DRIFT-II (with all shielding)
e

CYGNUS 1.1 (~10 m3) ?



New Site Infrastructure
Boulby Laboratory, UK

- Here is the old laboratory
- 1.1 km deep in very low background salt rock
» New lab now constructed, completed in 2017




CYGNUS R&D at New Boulby Lab
- > e




DRIFT lid & DRIFT lle at Boulby
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Studies of Low Background, DRIFT

Key Issues: (i) Full Fiducialisation
(i) Neutron Backgrounds at ton scale
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DRIFT MWPC 1 x 1m, -ve ion drift

-~y

-

~ Scattered -~ NI-TCP (-ve ion TPC)
N, WIMP S Introduced by Jeff Martotf
. CS: CS.
Recoil /5 ,' > >% >
. Atom [g& .
e Discovery of : *Recoil

— electron

minority carrier gas Dol Dlvaciion
IIliXtU.I'GS CS2:CF4:02 ‘Electric Field




z-Fiducialization Breakthrough

e Discovery of minority carrier gas mixtures CS.:CF4:02
e Use of different drift speeds of carriers

- A
. e °* o
@ N
.50 2 =2 ﬁﬁc B /\:t
2 o< At

Drift direction

Proportionality constant
can be measured for
various gas mixtures, or
calibrated in-situ.

thanks to D. Snowden-Ifft



Examples

NpuL recovered. Jtis. sequence)
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z-Fiducialization

z2=49.7cm

2000 2500 3000 3500




z-Fiducialization

Examples

z=39.3cm

100
L

Pt 10Covered J[this. sequence)




Examples

INOUl. CoOvened TS sequence)
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DRIFT WIMP Analysis
Shielded 30-10-1 CS,-CF,-O, Data

Nips vs Pl z
Background All Shielded, 433SumRisetime
54.7 days, 185 events, 3.38 +/— 0.2 events per day * 547 days of data
analyzed
Cathode :'..?.* ..:»'0. K .-..‘- L .-"-:f..,-‘.'q."-.'.. e ogt n e e e .,

RN RS P « 185 events found but as
expected all were
located at 50 cm away
from the detector, i.e. on

the central cathode.

* Define a background-
free fiducial region.

* In order to interpret this
. as a limit need to
calibrate the detector...

50

40

z (cm)

20

10

MWPC

50 100 150 200

F equivalent recoil energy (keV)



New Result (zero background)

New result (CAASTRO2017) including reduced threshold analysis
First result in “DAMA Region” with directional sensitivity”

WIMP.proton SD cross section (pb)

arXiv: 1010.3027
;// arXiv: 1410.7821

10000

WIMP Mass (Gov,fc’\'l



New Result (zero background)

New result (CAASTRO2017) including reduced threshold analysis
First result in “DAMA Region” with directional sensitivity”
10" o |
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arXiv: 1010.3027
;// arXiv: 1410.7821
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New Result (zero background)

New result (CAASTRO2017) including reduced threshold analysis
First result in “DAMA Region” with directional sensitivity”

ol B e

oy |= B

10t | i)
% oo | = ;‘: " | K_/
R : arXiv: 1010.3027
o ;// arXiv: 1410.7821
(- \
s ; | 3L 94 9917
;i_'f ot ~50 days, zero
=" 3 background)

10° ’!

10 {

‘0 ‘ _’ . . - . :

" " ("PFOm3, SF&”200 Torr, 3

WIMP Mass (GoVich) years dayS, Zero
backaround)



Head-Tail Directionality Maintained

> Directional Head-Talil sensitivity with z-fiducialisation
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 DRIFT sensitivity to HT in the new gas mode was investigated.

 Method of extracting the HT parameter from Astropart. Phy., 31 (2009) 261.

« Analyzed 7 days of directed source neutron data.

- Event by event measurement of the HT parameter was done using n, to n, ratio.

« Can now study HT z, thanks to fiducialization.


http://arxiv.org/abs/arXiv:1606.05364

SFe Breakthrough at UNM

-ve ion with minority carrier and increased target mass

» Replacement for CS- N. Phan, University of New Mexico
> First demonstration of SFe as -ve on gas (with GEMs)

» Potential for x5 more mass, with fiducialisation?

» This has been a revelation

» 55Fe spectrum in 40 Torr SFs with 0.4mm GEM

» (Gain curves up to x3000
- z-fidusialization with SFs- shown (20 Torr)

h‘.crr\* E. ’wvm "‘

20 Torr SF,

Y
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H1) (ard. umis)

BB 85883888
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> Activity now in many groups " (e S S, L s
> Frascati, Kobe, UNM, Sheffield Time ()



CYG N U S S FG ACtiVity Kobe Activities on SF6

gain curve

> Activity now in many groups - ===
» Frascati, Kobe, UNM, Sheffield™ 20Torr (AGEM=150%
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Is a Simpler “1D-HT” Readout Possible?
CYGNUS R&D activity at Boulby

» What is the simplest possible readout that might just work?

Z A

Xy veto

Xy veto 1 channel

1 channel



“1D-HT” Test using DRIFT Data

> experiment with DRIFT-lId xy information switched off, just
z and head-tail data analysed, like a 1 x 1m single channel.

1e:.08

i DRIFT 1D- NEWAG,
- HT DM-TPC
5
8
= T ary
Q 5
ﬁ s DRIFT normal
yr

COUPP non-directional

1e-04

— —— —
10 108 1008 10000

WIMP mass (GeVe™ )

Paper in preparation



Simpler “1D-HT” Readout Concept

» ThGEM 0.4mm hole dia., pitch 1Tmm, first data from alpha
interactions - 2cm drift gap, 300 V/cm, 100 Torr CF4,

Wt Foat NegY ey
»




TPC Vessels & Neutron Backgrounds

> Neutron backgrounds ina 10 x 10 x 10m TPC required to
achieve < 1 neutron in 3 years operation

» GEANT4 simulations

» Rock neutrons
» Muon neutrons
» Internal neutrons

> Vessel types: steel, acrylic,
steel + internal plastic shield

» e.g. steel vessel 100 tons,
acrylic vessel 20cm thick

Highlight results
> Steel has typically x103-104 times too much U/Th
> “SNO/DEAP” acrylic (~ 39 microBg/kg Th = 9.6 x 10-3ppb), is suitable
> Steel plus ~50 cm internal acrylic shield, is suitable
» Ceramic components - maximum allowed total mass ~30-509g



Conclusion

Idea of a Global Galactic Recoil Observatory
(1) Dark Matter Directionality (2) Coherent Astrophysical Neutrino

Significant progress made recently
(1) Low energy directionality, (2) fiducialisation, (3) SFs, (4) new lab..

Proto-collaboration underway and growing

Please join In! "
CYGNUS 2007 Isternational Workshop

CYGNUS AStl'OphySiCS and 0 Jinping (CHINA) - Juse 13% 15% 2017
Neutrino Workshop

Jan 30th - Feb 2nd 2017
Melbourne, Australia

CYGNUS2017 Full Workshop

Jun 13th - Jun 15th 2017
Jinping, China




Backup Slides



Low Energy Directionality Seen (UN )

D. Loomb
Recoil Directionality R&D is now aeta

_.. probing <20 keV region

» CCD + triple GEM optical readout
> e.g. >°Fe tracks resolved

> see upcoming papers by UNM

- N . B R R B E BB nE s » "
' e
.
! -

_____

s i » - F recoil event of
- | | 10 keVee (23 keViee)
e Vacun Veunm still shows direction

Y e wl




Nuclear Emulsions - NEWS

Also working in CYGNUS - Giovanni de Lellis (Napoli) and Nagoya University, OPERA...

Concept: Use of emulsion film to give 3D tracking
Solid (3g/cc), high spatial resolution, low cost, target Ag(46%), Br(34%), C(N,0O) (19%)

» Track nroduces line of silver grains

Silver halide Detection as a line of . s s s

crystal (AgBr) silver grains e , _____\llomzatlon pOWCl’.

) & Silver ( @ ) N LS | crystalsize 45nm

‘. ‘ grains h g .. gl '. crystal distance 85nm
‘ - =y

Development ) | | crystal sensitivity = >20%
‘ for alpha-ray

. itized
average distance i

Lo ot S P

- Challenge is to get: (i) small grains <4onm
(OPERA had 200 nm), (ii) closely packed, and
(ii1) sensitive to low ionisation

- Typical recoils are order 100nm - Ag, Br likely

produce tracks too short so need touse C, N, O

target X ,
5 35nm, crystal

.

» R&D funded towards

1kg experiment




Axial Directionality also Maintained

> Axial Directional sensitivity with z-fiducialisation

Magnitude of “oscillation” as

neutron source is moved from +z preliminary, new result

to xand from zto x (Aozx %) as a ¢ 1(CS2:CF4:02) R il ,
function of nuclear recoil NIPs 3 | 13811)
equivalent energy: g 3 siiegietly] p LT
Az _ Zo(52) > 3 Lt
= it
s i
(& _ & ) . ) 3 previous
A,, = | ———Z—|100 * published
(& + ), Lo result(CSy)
('J 1000 2000 30“70 4000 2000 6000

NPs
(blue) this analysis average values in bins of 200 NIPs interval square points
for +z to x oscillation, (pink) triangular points from zto x oscillation. Red
circle points are results obtained with only 32S recoil tracks.



Power of TPC Directionality

e TPCs have the advantage of accessing head-tail information
and sensitivity to the start of the recoil track

e Head-Tail Sensitivity

e Axial Sensitivity

s
LI ! \
. g. o m:u:’AuJ

Reprad: rio nghls obtsmnable faom
www CanoonSiook com




Power of TPC Directionality

e TPCs have the advantage of accessing head-tail information
and sensitivity to the start of the recoil track

e Head-Tail Sensitivity

e Axial Sensitivity

.“.:":._ . ," /\A\"/" WW\ % 110 120 120 140

.

'\ \ -~
\ a © Ongnblanst Example high energy F recoil in

Reprody 1’) nghls bgn." 4,—

www CanoceStock con optical TPC (D. Loomba et al.)




Power of TPC Directionality

e Note TPCs have excellent particle ID anyway, so also good for
low mass, non-directional, WIMP searches at higher pressure

e TREX-DM o NEWS

)
<

- 3
«
¥
vy —— T —

SI WIMP-nucleon cross-section (cm)
"i S

WIMP mass (GeVic’) 1o’ 10 . 10
WIMP Mass [GeVic']



Other New Studies - Funded Activity

1 m3 CYGNUS test vessel (Japan)




Other New Studies - Funded Activity

. -y 2.2 X 2.2 x 2.2 m Steel
vessel (Australia)

Water block neutron shielding
(as for DRIFT-lld upgrade) (UK)

Low background
Basic field cage
design (UK)




CYGNUS SFe Activity at UNM

N. Phan, D. Loomba

» Demonstration of 2000-3000 galn in ThGEM Umversﬂy of New Mexico

arXiv: 1609.05249
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Neutron Background & Directionality

»54.7 day shielded run - »45.4 day unshielded run -
no events seen see 14 fast rock neutrons
Nips vs Pl 2
Npswva Pl2z lolded. £33SumRisetime
Background All Shielded, 4335umRisetime ‘smzzm”“;um;m

54.7 cays, 185 events, 3.38 +/~ 0.2 events per day —~—

! e Wbr'; L ‘;«fj%\”’p‘f' A ta sty o

I S Y

2 om)

10
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!

- . . Fhwm o o S s v - et

| MWPC _ | MWIRC
| ’
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o 1200 X0 %0 4000 5000 6000 0 1000 2000 3000 4000 5000 6000

Anodo Nea Aroce Nps

> Consistent with Boulby neutron flux of 7 x 10-7 n/cm?/s



What Directional TPC Technology?

“high definition - 3D”

Readout Experiment  Targer Granulsity Asea Fadacial (™ Escrgy Enery Angular  Semse
Ly m’ Volume''  Gain'’ resalu- thresh- pesoletion  recog-
tion'’ old"* nition
threshold
MWPC DRIFT NI 2mm 2x2 0.8 m’ ~ 1000 A2%[242] SOkeV,[64) unpublished S0keV, [64)
CS; NA J0keV, [243) 40keV, [243)
CS,;:CF, LT
G:ZGJO:
Micromegas MIMAC  EG 042mem 2x| SL 2% 10° 2% (130) ~1keV,  unpublished wnpublished
Mix of 042mm [134]
(‘-Ft. 20
CHF,, and
CiHy
uPIC NEWAGE EG 0.4 mm 03x03  36L 1000 23% [142] SOkeV,, 40'm TSkeV,, [244)
CF, 04 mm 4TH » (Srectionsd) SOkeV,,
10ns SOkeV,, [150]150) (150
ATLAS D LG 00 mm  NA" S04cm’ NA 0%, 1-10 13 radi-  wnpublished
Pixel He+ (0, 025 men 100 Tour pramary ans
chips NI 25 CF.[165) ¢ [164] [166)"
SF, [245)
Opocal DMTPC  EG 03 NAF 20L NA LLE A 20keV,, 1. 40 keV , [205)
CF, 0.6 mm (1m") 80 keV, [205) 2W0keV,,
03 (2204 [205)
O06mm
NA"
Eemiscss NEWS  Sobd 10 nm C100g™ NA NA enpublished 3SkeV, 13" for urpublishad
cmulwon 10 nm Carbon 100 keV,

0.1 pm (227] Carbon [227)



