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hat is Dark Matter? (For particle physici

e No candidate in the SM!

» Electrically neutral

» stable
» ~27% of the Universe
» massive (at least in structure formation)

Dark Matter \RASReRZ)

RSt 08.3%

e Candidates
v Weakly Interacting Massive Particles (WIMPs)
v Axions,Axion Like Particles (ALPs)
v Primordial black holes
v Modified Gravity, ......
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Direct Detection of WIMPS . ..o ous e

e DM detection through DM-Nucleon scattering

®5» Nuclear Recaoil

* : Recoil Energy Er (+time)
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Directional Detection

e Next generation of direct detection

_A™

"» Nuclear Recoil
~ Recoil Energy Er
DM \A*_.) + DIRECTION (+time)

e Techniques

- Gaseous detector DRIFT, NEWAGE,DMTPC, MIMAC, ...
- Solid detector (nuclear emulsion, crystals, ...) Emusion, zowo4 crystai, ...

- Non-directional detector (but directional information is used)

S-F Ge, J-L Liu, Q. Yuan, N. Zhou 2005.09480
Panda-X 2112.08957




How can we use directional info.?

e Direction of Flux

Light DM up-boosted by cosmic-rays comes from direction of the
Galactic center.

* Anisotropy of velocity distribution
Velocity dist. of DM may be anisotropic.

e ...And others? Comments are welcome!
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Directional Direct Detection

Next generation DM detection




hy Direction?

e Powerful background rejection

- DM signal : from the Cygnus
4= Background : isotropic (?)
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DM wind

the Solar system

e Neutrino Floor (Fog)

Credit: NASA/MPL-Caltech/ESO/R. Hurt
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Gaseous Detector

e Good Directionality A/.

Mean free path ~ um
e Low Pressure

WIMP-proton SD cross section (pb)

large volume is required to
enhance sensitivity.
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Typical target y,
CF4’ SF6, CSz’ CH F3 | Phys. Rev. 03091\31:«36513(20047




_Long term CYGNUS Vision: Multi-site Galactic Recoil Ob‘ser\;/atory |

with directional sensitivity to WIMPs and neutrinos
https://arxiv.org/abs/2008.12587

Proto Collaboration formed:

e 55+ signed members from "~ /cvGNUsKM

o CYGNUS-UK \ RS, L | o mioka, J
the US, UK, Japan, Italy, [ s (O | e
He:SFs g -\ stripreadout

Spain, China 0 R GeMwire

readout

* Six US faculty members
* Close collaboration and
regular meetings on

. / CYGNUS-US ~ : GNO/INITIU "
detector R&D and physics [ sure,usa SR Gran sasso, italy 1
Stud ies Strip r4eadout « " :(?l\(/:lg(siF;l)\AT |

readout

g CYGNO-0z
CYGNUS-ANDES Stawell, Australia

New proposal | R&D leading
t.b.d. N to1m?

Credit:Sven Vahsen’s talk
in SNOWMASS 2022

5/12/22 : : Sven Vahsen, Long Term Neutrino Projects, CSS 2022 ) 5



Nuclear Emulsion : NEWSdm

e Super-fine-grained emulsion for directionality
e High Density
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Slides by T. Naka
Polymer (C, (N,0))

Charged Particle ~Silver halide crystal
(AgBr) * ~ 200 nm

dER

\)v Latent image

Easy to obtain large mass i ‘ et
 No time resolution... i &

e Target
p,C, N, O,Ag, Br

Naka et al., 1109.4485




10 kg-year simulated sensitivity [90 % C.L.] + zero BG

1022 : vy z
Case for current readout ability
Case for extrapolation lower energy
Case for intrinsic detection ability
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Anisotropy of boosted DM
flux




~

 Light mass region e

e <vpm>~230km/s << ¢

e Kinetic energy ~mpmvpm?2/2

e For light DM, getting enough kinetic
energy to overcome energy
threshold of detector is hard.

— small ionization signals by
DM-electron scattering (R. Essi
et al. 2101.08275), Migdal effect
M. Ibe 1707.07258), boosted

Difficulty of Light DM Detection
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e Heavy mass region

Mpmpm

Qpy =
PDM

Less #DM is expecte




W. Yin 1809.08610

BOOStEd DM Y.Ema, F.Sala, R.Sato 181°N\00520

T.Bringmann and M.Pospelow1810.10543

e Ordinary WIMPs
> VDM << Vesc

Cosmic-Rays @ . vom~230 km/s : Slow

e Cosmic-Ray boosted DM (CR-DM)

> NOT bounded by the Galactic escape velocity
> <vpm> depends on kinetic energy of CR
“ DM obtains additional kinetic energy
to. overcome the energy threshold after CR
scatters the light DM.




T.Bringmann and M.Pospeiov arXivid810.10543

e Constraints
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R (C slor Minimum)

Flux of CR-DM for each directmac=r=rrx

dances (Si=1000)
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density profile?

— NFW
Pseudo Iso-thermal

Einasto

Center

DM density [GeV / cm®]

CR-flux (proton) |

4 = Bkpe [~ by GALPROP .
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DM density profile in the Galaxy

e Density near the Sun ¢ Profiles
> Navarro-Frenk-White (NFW) profile
o
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Y 3 = —
pNFW( ) (7’/7’0)(1-{-7’/7‘0)2
. J. Navarro, C. Frenk, S. White Astrophys. J. 490(1997)
» Einasto profile

PEin(r) = poexp[2a(1 — (r/r9)'/%)]
better to fit the observations.

J. Navarro et al. curves. Mon. Not. Ro

y. Astron. So 349 (2004)

» Pseudo-isothermal profile

_ o
pIso(r) — 1+(r/r0)2

0.4 06 0.8

Pow, o (GeViem?) px(r~8 kpC) ,
= (0.3-0.4GeV/cm3 R Jimenez, L. Verde, S. Pen, Mon. Not. Roy. Astron. So 389 (2003)



CR-DM Flux in the sky

1GeV 0.1GeV 0.01GeV 0.001GeV 0.00001G
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80 80 80
40 a0 a0
20 i 20 ! 20 i
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CR-DM ﬂuxM focuses on the dnikrection of the GC as expected.

__ |n the case of pseudo-isothermal profile (cored), concentration of the
G.C. direction is unclear compared to others (cuspy).
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Nuclear Recoils of CR-DM

1GeV 0.1GeV 0.01GeV 0.001GeV 0.00001G

targets F
\Y;

S0 100 150

but signals still focuses on the G.C.
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Asymmetry

e How often does CR-DM come from the direction of G.

n,—n_
Asymmetry : A =

n,+n_

i /Nuclear =
Recoill

#of cosygc <0

Galactic
Center




Asymmetry

—+— NFW = - —4— NFW
—+— Pseudo Iso-Thermal —+— Pseudo Iso-Thermal —4— Pseudo Iso-Thermal

—+— Einasto + Einasto —+— Einasto

* R Ag : Nucl. Emulsion(NIT) 1009, 1yr 20 @ Hereafter, events with Er causes
* F\: SFe 20Torr 1ms3, 1yr x20 _ C . " :
. G20-32 cm? inelastic scattering are omitted.




Sensitivity [o]

Sensitivity for Asymmetry

P (SI;Newsdm)

NFW  my,, = 100 keV
NFW  mp,, = 1 keV NFW  mp, = 1keV
Pseudo-Isothermal  mg,, = 100 keV Pseudo-Isothermal  my,, = 100 keV
Pseudo-Isothermal  mp,, = 1 keV ’ Pseudo-Isothermal  my,, = 1 keV
Einasto mp), = 100 keV Einasto mp,, = 100 keV .
Einasto  mpy = 1keV . Einasto mp,,=1keV

o F (SD NEwAGE) 5 Zio%om -

Ag (S| :Newsdm) o 1o cm

NFW i, = 100 keV

~ NFW g, =1keV
Pseudo-Isothermal  mp,, = 100 keV

- Pseudo-Isothermal mpy, = 1 keV
Einasto mp, = 100 keV

~ Einasto mpy=1keV .-

NFW Mgy = 100 keV

Sensitivity [c]
Sensitivity [o]

9
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4
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1
0

0002 0.04 0.06 008 01 0.12 0.14 016 . 5 3 35 4 45
Exposure [kg year] Exposure [kg year] Exposure [kg year]

O NEWSdm has a vision to extend to O(1-10)kg in the future.

d Gas detector can also have sensitivity ~O(10) o supposing Cygnus-1000
(1000m3).  arxiv:2008.12587

Bath detections reach “asymmetry” within the scope of future upgrade pla
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Anisotropy of velocity dist.




elocity Distribution

e Maxwell-Boltzmann (MB) distribution

dR I\;T 20 .
= d1
dFgr My

Isotropic MB distribution is commonly
supposed for DM velocity.

w
n

e f(v) may be anisotropic

S1 stream derived by SDSS-Gaia
data has ~10% anisotropic
component. Directional detection is _
suitable. e B S ol o T

v [k s7]

L

[~
N o (2

5
1

Lab frame f(v) [km ! ]

=]
o




Debris Flow by Simulation

e Some N-body simulations suggest debris flow in the
CEIENYY

4
g
B
2
8
9
o
QJ
e
-

v (km/s)

Lisanti and Spergel (2011)




Simulation including baryons and gas
DM follows baryons
e Anisotropic component

. exp [_02/v(2),iso.]+N(vZ .)exp [_( _:u)z/vg,ani.]

Ling, Nezri, Athanassoula, Teyssier(2009)
cf. David R. Law (2009) ...

dial velo |tyh\



Simulation of DM detection
e Monte Carlo simulation f,-:'-'-."” > :h-'}

- Er and 6 are obtained DM wind supposing f(v)
- Elastic scattering, No background, Perfect resolution
- Target : F (light) /Ag (heavy)

e Two kinds of Data

- Template: ldeal data with sufficient statistics for isotropic MB/
anisotropic velocity dist.
- Pseudo-experimental data: Data with insufficient statistics




Strategy for discrimination of anisot

ideal “template’
Many Data

(#108)

» Likelihood estimation

L= H P(r | pseudo, template)
bins

[Entries / bin]

Which template is more

similar to pseudo-exp? > ¥2 test

(pseudo — template)?
- 3 o el

seudo
bins p

‘pseudo-experimental” data
Fewer Data
(#103-104)




direction detection Energy and direction

suggestion by
likelihood using
simulation data

assumed assumed

Ie point sample point

0 Q 0
200 250 300 350 400 450 500 200 250 300 350 400 450 500 200 250 300 350 400 450 500
M M M

» Directional info. is helpful to determine - tEatg;?ggeV
both DM mass and anisotropy at the - M¢.=300GeV

#event: 10000

same time. (0p=10-26cm2, 1/kg/d®)




Conclusion

“Direction” of DM offers additional information to
e Density profile, velocity dist. and mass are discusse
e Related to particle physics?



