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¥ cin\g"r/hﬁ problems of past and future WIMP detection

ing direct dark matter detection experiments will have sensitivity to detect neutrinos from

astrephysical sources (Sun, atmosphere, and diffuse Supernovae).
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Coherent neutrino scattering on Nucleus (CNS)
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e neutrino floor (Neutrinos as a background)
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Searching for the Wimp wind

* Non rotating Wimp Halo + Barionic matter rotation

-

Apparent Wimp wind

S’

Solar System orbit at vy ~220 km/s around the galactic center

Standard technique: June
* Annual rate modulation WIMP Wind Vij<~—

Earth orbits at v = +30 km/s
(few % effect)

BUT: Background may be also
annual modulated!

December
Innovative technique:
e Sidereal direction modulation

Measuring the angle between WIMP and Earth gives Directionality may be the most robust signature of the
WIMP nature of DM

u\/ "
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a directionality signature unique to WIMPs.




he standard WIMP recoil spectrum

Standard non-directional recoil spectrum, i.e. differential event rate per unit detector mass:
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Recoiling nucleus
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Physics

nucleon cross section

M,,— WIMP mass

1L, — WIMP-nucleon
reduced mass

. A

X

-
A* F* (Ey)

Detector

A — atomic mass of
target material

F(E,) — The finite
size of the nucleus is
implemented with
Helm form Factor

=

~

.

E, — Recoiling nucleus energy
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P — WIMP mass density
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A closer look to directionality

~ dR )
dE,. dQ(6,¢p) 4m

AC RS GE D

If we assume the Standard Halo Model (SHM), i.e., an
isotropic WIMP
distribution of width g, in a inertial reference frame
at rest with respect to the Galactic center.

Maxwell-Boltzmann velocity

Here V is the average velocity of the WIMPs with respect to the
detector: S
VS VSGE T VES

* Vgg: velocity of the Sun relative to the Galactic center.

* Vgg: velocity of the center of mass of the Earth relative to the Sun
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Double differential directional recoil spectrum:
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Kinematics of a

WIMP-nucleus L WIMP ® ot
elastic scattering ! e &
_ _ - M, 1,-5'-5*""(':
MCOMING o . __________
WIMP 5 . 8, 0
target |
nucleus: - .
i recoiling ®
3 ! nucle
S(w-w—v,)f(w)d>v ™
! SN
/ Jﬁhﬂ‘r}.‘ -
fq? W
Radon transform = f(v,,, w)
: AT 1 (v, —w-V)?
fon,w) = —=exp|—5——
\ 2moy Oy

To evaluate the Radon transform we had to
calculate explicitly the scalar products w -
and W - Vg in a defined reference frame.
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Assumptions and choice of parameters

"’ Astrophysics:

p =0.3 GeV ¢ 2cm~3 (Dark Matter density) ;
vy =220 km s™1;

Physics:
s 10—46 2 . - 5
OWw—_n = cm*“ (Wimp-nucleon cross section) ;

My, = 200 GeV c¢~? (Wimp mass) ;

Detector:
Ef,’:m = 50 keV (Minimum threshold Energy) ;

Eit =200 keV (Maximum Energy) ;

Exposure= 100 tonne year;
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’ ' ’ y : ] dR 200 keV ) dR
imp directionality in Galactic frame dcos,gdfjso,wv dE.d cos9 dp

In the Galactic coordinate system x points from the Sun towards the Galactic center, y in the o/
~ direction of the Solar motion and z towards the Galactic north pole; therefore, V = Vg y.
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Xs séen_in a Earth-bound detector (@LNGS)

t=04:00 h o Altitude of the Cygnus in the sky as seen by an
N observer at LNGS as a function of the time of the
. summer solstice

N’

Cygnus

t=08:00 h
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or an Earth-bound laboratory the velocity V can be decomposed as V = —Vg¢ — Vs, where Vigis
~ the Earth velocity relative to the Sun, |Vis| = 29.8 km/s. The detector is a rotating reference frame.

LI

tday [hour]
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Strong angular dependence of the event rate with respect to the z-axis of the
detector as a function of the time of the day. The dependence remains also
when it is mediated over the full day (black line: “Daily average”). 11
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Colymndr recombination detector

We introduce a "folded" recoil rate:

. fo) i
R.ecglls. at 180" give the same dRr(|JcosV9|) dR(cos¥) dR(—cos)
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sensitivity to the angle between nuclear

recoil direction and drift field E in a LAr TPC. Strong angular dependence of the event rate with respect to the z-axis of

the detector as a function of the time of the day 12
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The division of the events

In case of minimal angular resolution Ratio HOR/VER

\

From an experimental point of view, ratios
IR io categorize the events is fo of event rates are us.eful quan’r.l’rl.es in order
: to keep the systematic uncertainties budget
introduce the events

corresponding to (¥ < 120°).

The horizontal events (HOR),
corresponding to

[cos¥ | < 0.5 (60° <9 <120°

and events (9 > 120°).

under control.

An interesting observables is the ratio
between HOR and VER events

HOR HOR
_I_

A CR based detector should be
unable to discriminate between UP
and DOWN. We introduce the

Scatte

Va N

This ratio should be exactly equal to one in the
) — 60° case of isotropic signal.

Any significant deviation would be a strong |
indication in favor of a genuine WIMP signal.

’ o _\ / 13
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corresponding to |cosd | > 0.5
(¥ < 60°and 9 > 120°).
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L The ratio of horizontal to events is
Even"' rCI'I'iO Horizon'l'(] I/Ve rﬁCCII shown by the black line. It exhibits a huge
HOR HOR variation of a factor 4 during the day. -/
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events are greater 0.000 4 8 1‘2 11( 2:0 24?.() horizontal events are
than horizontal ones at the ’ greater than pnes
IIERInG of the day, until faay [hour] in the middle of the day,
4
8:00 a.m. The single horizontal ( ) component shows a huge variation within after 8:00 a.m. J
a sidereal day, more precisely a 38% ( ) effect with respect to the
average.
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nnual tate modulation without directionality

o/
2m 1 E=200 keV dR
R(t) = j j j dE,d cos 9 dg Minimum at Maximum at
0 J-1JE.=50keV dE,d cosd dg ~26™ November ~ 24™ May
The amplitude of the modulation is small and, up to J\ /L J\ /L
the first approximation, the event rate can be written Jul. Aug Sep Oct Nov Dec Jamn Febr Mar Apr May Jun
21t (t—t ' ' | |
as a Taylor series R(t) = Ry + Ry, cos (y); ozl | o
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_________________________________ 27‘[t—336d
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Two pﬁerédLAr detector: S1 and S2 signal —

The basic idea of Columnar Recombination: When a

nuclear recoil is parallel to the electric field, there will be more electron-
PMTIIPMT LIPMT | {TMT : ERRR : : :
ion recombination since the electrons pass more ions as they drift through
l—- , “l the chamber.

EIectrlc Field E

More Columnar S
’ Recombination U]
o3 :
‘ V
Scintillation Light : The survived electrons are '
«More S5, » accelerated by the electric field E :E/
and produce the signal "§,"
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Scintillation

lonization

Movi g\f-r([p theory to experiment (SCENE experiment)
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Essentio

efup of the ReD experiment

A monochromatic neutron beam on a Liquid
Argon target with a segmented nToF

spectrometer to detect the direction of the
scattered neutron

Ar

nuclear monoenergetic
recoil neutron beam

 Monochromatic proton beam on an appropriate target will produce a beam of ~1-4MeV neutrons J
* The TPC is placed at a chosen angle to intercept neutrons of the desired energy |

* Recoils (10-200 keV) in the LAr produce S1 and S2 signals,detected by SiPMs.
M. Cadeddu - Directional Dark Matter Detection \/




RE @Un/ina: the GAP-TPC

* .GAP-TPC can have improved light yield using Silicon
./ Photomultipliers
* Higher PDE compared to PMTs
* Individual readout of top SiPMs provides improved
spatial resolution of the X-Y position of the S2 signal
* Low noise at cryogenic temperatures
* Low radioactivity (for DM application)

SensL J-series

SiPM The current prototype uses

two commercial SenslJ-series
TSV arrays of 64 SiPMs G. Fiorillo, B. Rossi, P. Trinchese, S. Walker

° &

S’
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Timeline of the RED experiment

Phase 1: aiming at confirming the results
obtained by the SCENE experiment

* Data taking campaign on the neutron beam line
with a preliminary experimental configuration
provisional neutron beam setup;

* GAP-TPC prototype installed in the final
cryogenic system; preliminary nToF
spectrometer (few LSci detectors).

Phase 2: directionality studies

* Detectors in final configuration and
neutron/gamma data taking optimised beam
target + collimator,

* final GAP-TPC with ancillary systems

* full size nToF spectrometer.

Y &

o
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Prelimingry Data Taken has already Started
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C I cMns —

ional detection is a very promising Dark Matter search

strategy thanks to the expected strong direction dependence of T HAVE DISCoVERED
: A Room Futt p
the WIMP signal. b ! i
J, r A
 ReD will test the feasibility of using columnar recombination @ 1) =

to detect the direction of possible WIMP signals using ton-
scale liquid Argon TPCs

* Experimental results can be used to verify and/or improve the

theoretical models for columnar recombination
The results demonstrate that

directional detectors offer the
most promising experimental
technique for the future WIMPs
discovery and Columnar
recombination provides the  Dbest
possibility for combining
directional sensitivity with the
ton-scale size of experiment needed /

neutrino floor in dark matter direct detection. to this search.

v Y S
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Bringing this new tool into the DarkSide
program will make the future very exciting!

In the near future, from the phenomenological side:
* A study to explore the impact of direction-sensitivity on the
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acing the problems of past and future WIMP detection

-

N/

l{gcoming direct dark matter detection experiments will have sensitivity to detect neutrinos from several
astrophysical sources (Sun, atmosphere, and diffuse Supernovae).

Coherent neutrino scattering

(CNS)

v, + (4,2) > v, + (4,2)

i (E,,E) G?

dE,

T 4nm

m
Q\%sz (1 £
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Simylating 51 and S2 signal with the Columnar Recombination

A simple first-order three-parameters approximation that

maintains the main features of more detailed Columnar
" Energy Recombination theoretical models is
deposmon (E) p N
To
: —1+—(€+51n9r)
E.£.0)
" & 4

:

where the intrinsic recombination probability in absence
of field, ry, the electric field scale, £y, and the relative
strength of the isotropic recombination, &, depend on
the energy deposit E.

This parameterization ensures that the recombination
probability satisfies 0 <r <1, <1 and that r is linear in
the component of the field orthogonal to the track,

Sl & sin ,., to first order.
Recombination
r(E,&,6,) s
M. Lissia, N. Rossi
- u
"’
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Sim c:ﬁfr{_/S] and S2 signal

study the possibility of discriminating events corresponding

to-different recombination probability, r, in the plane (S2, S1).

~—’
It Is already very interesting to distinguish recoils that are

parallel to the electric field € (vertical events, sin 8, = 0) from
recoils that are perpendicular to €& (horizontal
events, sin6, =1 ). We consider two recombination
probabilities: for parallel, r, and perpendicular r,, recoils.

&« —1+8(€+ in6,)
AR et T S
with some typical field value € = &,, we use
4 . N
r =—== 0.4
I 14
ro where 15 = 0.8 and & = 1.
ry = ; ~ (.27
N )
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N,,.+7r N; (1—-1r)N,
i i
S1=gi(Nex +7N) | 52=go(1 = 1N; |
=

L

-’ / 27
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Sim OM/S] and S2 signal

Steps of the simulations

1A number N of primaries is extracted from a Poissonian
distribution with mean N.

2. These primaries are split into N,, primary scintillation photons
and Ni electrons according to a binomial distribution with

ionization probability p; = 0.5.

3. The N; electrons split on average into rN; excitons from

recombination and N;, = (1 —71)N; remaining electrons
according to a binomial distribution with recombination Nex_l_r N[- (1 — T‘) N[_
probabitities 1 = 0.4 for vertical recoils and 7, = 0.27 for | |
horizontal recoils. The exictons from recombination contribute to | |
the total number of scintillation photons v v

Npn = Nex + 7 I S1/g1 |

[ The resulting signals are S1/g; and S2/g, J

e’
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Sim a%] and S2 signal

Ve

samé& events are shown as a function of A,_; =

\!

A

| and horizontal events are very well discriminated. On the right figure the distributions of the

v;rues of 1.
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The overall variation registered in the HOR

SeGSOI:]CII effeC'l'S components among the different sidereal days

of the year is shown by the blue band.
! (SS)! ' i

Sidereal day VS solar day

. 0.15) ~\.<91 s.d. days after SS
Use of the sidereal day (s.d.) as 7825 g days affer 5S> N

a unit is convenient because >

|
|
-
|
|
|
|
|
|
|
|
|
|
|
|
|
|

N
\

after a sidereal day the Cygnus

constellation returns exactly in

[ |

: ] e I I

. NG A - [ [

ops . 010F--—--—----———- N R . |
the same position in the sky - AP AN . |
) /S | |

_ oy N | .

| 1
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0.05_______________‘_____________________________::‘__H_QrJZQQIEII_I?Y?PIS _______________________

Here, the different colored
dotted lines refer to the rate
evaluated at summer solstice (SS)

and 91, 182 and 237 sidereal
days after it, while the solid

Vertical EVIEH'[S
— HOR annuétl mean

— VER annuzl;l mean

8 12 16 20 24
l4ay [hOUT]
e ~ i i e .

black line is the annual mean. 0-000 '
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*Energy threshold effects on annual modulation

Percentual annual variation
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iurnal modulation (with directionality)

N

* The ¢ angle is integrate [0, 211]
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Event ratio Horizontal /Vertical (different acceptance)

b HOR Nt RHOR
~ UP + DOWN VERTICAL
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