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Declaration of my PhD thesis purpose and first results
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Dark Matter Direct Detection (DMDD)

DM in the form of WIMPs (Weakly Interacting Massive Particles)
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Dark Matter Direct Detection (DMDD)

DM in the form of WIMPs (Weakly Interacting Massive Particles)
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Phenomenological part of the thesis

Assess the effects of astrophysical uncertainties on DS20k exclusion limit

The exclusion |limit of an

experiment allows to:

experiment
between themselves and
assess the competitiveness
of each of them in different
WIMP mass regions

Claim for the rejection of a
phase space reglion In

(m)(, o) after null-result

Need a ground model to describe the WIMP
galactic halo influencing the rate of events one
has in its detector

Every DMDD uses the so-called Standard Halo

Model (SHM), a very handy halo model derived

from very simple assumptions (non-collisionnal,
isotropic and isothermal halo)

Need a realistic model relying on reasonable
assumptions in order not to incorrectly accept or
reject phase space

To do so, one needs to rely on trustworthy
cosmological simulations and good estimates of
the astrophysical parameters of interest

(VO’ Ves Veses :00)
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Take better suited velocity distributions

Play on f(v) in the rate of events, hint from cosmological simulations
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Take better suited velocity distributions

Play on f(v) in the rate of events, hint from cosmological simulations
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Play on f(v) in the rate of events, hint from cosmological simulations
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Take better suited velocity distributions

Play on f(v) in the rate of events, hint from cosmological simulations
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Fit the mass
distribution and
perform Eddington
Inversion
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Take better suited velocity distributions

Play on f(v) in the rate of events, hint from cosmological simulations
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Take better estimates for the astrophysical parameters of interest

Play on v, ., vy, V., pg in the rate of events, hint from galaxy surveys

esc?

2011 - 2022 estimates of astrophysical

parameters computed from galactic surveys SHM exclusion limit

Bandwidth from astrophysical parameters

data analysis
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Take better estimates for the astrophysical parameters of interest

Play on v, ., vy, V., pg in the rate of events, hint from galaxy surveys

2011 - 2023 estimates of astrophysical
parameters computed from galactic surveys

data analysis
vy € [178,252] km/s

ve € [178,252] kr/s € See more in back up However, these four astrophysical parameters depend on

Vese € [432,693] km/s one another. Future (and last) commitment on the

po € [0.13,0.44] GeV/cm?3 . . .
phenomenological part of the thesis: collaborate with J.
Lavalle (LUPM, Montpellier) to obtain sets of

parameters to take as input in the exclusion band
SHM exclusion limit .
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1st of October 2021:

start of the PhD
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___________  DS20k
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- Strain deformation vs guide tube system
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analysis parts of DS20k
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Code development to include new models for WIMP velocity TPs mockups of the calibration

distribution in the galaxy and on Earth SyS t_em
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16 Use Al to help signal reconstruction and
optimize signal/background rejection
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The Standard Halo Model (SHM) -1/2

Ground model to compute DMDD exclusion limits

- -rotational velocity

o (km/s)

T 50000 ~ 100000
distance from center (light years)

* The SHM is a model derived from circular velocity * Assuming a model describing isotropic,
measurements in galaxies (20th century): spherically symmetric collisionless gas of DM
particles

Need to fit the velocity measurements adding a

dark matter (i.e. mass component) Simple solution = .de.scribe the gas with
Maxwell-Boltzmann distribution

Data = v. becomes constant  Isothermal gas
sotropic gravitational potential : <_> 1 w1 2%
. vY=1(v) =f(v) = —e 2T = —p "6
Ve M(r) = ~ cst => °
a = — = => VYc T R 1 0 _:_2 0.0040 -
r r? r ' f(|V|)=ﬁV € 0 i F Y
s | e Earth frame
M(r) N r 0.0025 A f
= 0.0020 - :
"7 "7 1 0.0015 - :
. M) = | p(OPr=| p(Dr3dr ~r=>p(r) ~ — wooo| B
) O ) O r 0.0005 A j-::-
0.0000 -

0 200 400 600 800 1000
1 8 v (km/s



The Standard Halo Model (SHM) - 2/2

Ground model to compute DMDD exclusion limits

0.0040 A
In DMDD, one needs to estimate the number of NR
events in the detection volume 0.0035 - Earth frame
To compute it, one needs to estimate the velocity of 0.0030 -
the WIMP in the Earth frame
: . 0.0025 -
Velocity composition:
— — — = = 0.0020 -
v)(,@(t)= —Vg(l) = —Vgo(l) — Ve Vpee =
Thus for DMDD, one needs to estimate the values of o 0.0015 -
- - - Gives in the end
astrophysical parameters of interest to describe the 0.0010 -
halo AND to perform the change of frame
: : 0.0005 -
The chosen values are the ones better-estimated in
the 2010'’s: 0.0000 -

0 200 400 600 800 1000
v (km/s

Ty = 220 km/s

C

" po= 0.3 GeV/cm3
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Take directly cosmological simulation data as input for (V)

Data from Arturo Nunez thesis

Cosmological simulations

SHM vs Halo B
Earth frame

Model gravitational interactions across
time with a set of initial conditions (that -
are optimized)

0.0020 -

N SHM

>
¥ 0.0015 -

The resolution of the simulation is

increased in the Lagrangian volume
Mass distribution

0.0005 A

after the first round of simulation

0.0000 -
0 100 200 300 400 500 600 700 800

v (km/s)

SHM vs Mochima
Earth frame

0.0030 A

Velocity distribution |

Change of frame

>

Galactic to Earth frame : =

0.0010 A

g g
g =
o

Vx,gal’ Vy,gal’ Vz,gal
in the galactic

frame Vilab = Vigal — Vi,EB(t)
20 l =X, V,2

0.0005 A

0.0000 -

00 300 0 100 200 300 400 500 600 700 800
v (km/s) v (km/s) v (km/s)



Take better suited velocity distributions

Play on f(v) in the rate of events, hint from cosmological simulations

0.004 -

0.003 -

f(v)

0.002 -

0.001 -

0.000

Vo = 231.6
X*/dof =

vo 245.9

17/49 = 0.864
2/dof 13/48

Vo = 264.5

a=1.232
x%/dof = 13/48

HALO B

—— (lassical Maxwellian
Generalized Maxwellian
Tsallis

AN

100 200 300 400 500

70 33 JOTIOIA d Ag "NwWiIS

0.004 1

0.002 1

0.001 1

0.000 *

Uy = 186.7

x!/dof = 61/49 -

v [km/s]
(a) Halo B
ty = 182.1
g = 1.055
X /dof = 63/48
ty= 1719
a = 0903

/dof = 57/48

Mochima

——  (Classical Maxwellian
— Generalized Maxwellian
— Tsallis

100 200 300 400
v [km/s]

(

b) Mochima

SISayy zaunp 'y wod ‘b4

‘Ib "1 ZaunpN v Ag ‘hwlis

SISay3 zaunpN 'y wod b4

Development of

different methods to
integrate these f(v)

Directly take the
simulation result as
input

¥ See more in back up

SHM vs Halo B SHM vs Mochima
Galactic frame Galactic frame
0.0040 A
0.0040 -
0.0035 A
0.0035 A
0.0030 A
0.0030 -
0.0025 A p—
= 0.0020 - = 0.0020 -
0.0015 A 0.0015 A
0.0010 A 0.0010 -
0.0005 - 0.0005 -
0.0000 - 0.0000 -
0 100 200 300 400 500 0 100 200 300
v (km/s) v (km/s)
DS20k - Fiducial Volume - exclusion (90% CL)
- SHM (reference)
1046 — — Halo B
- - Mochima
™=
N -
£
@)
- a7
» 107 -
o -
I | | | | | | | | I | | | | | | L1 I | 1 | | | | | |
21 10! 102 103 104

M, [GeV/c?]

B SHM

o Mochima

500



https://www.theses.fr/2019AIXM0615
https://www.theses.fr/2019AIXM0615
https://arxiv.org/abs/1405.4318

Tsallis distribution

2r
fgal(v) = V-

N,

Why ? Hint by

cosmological simulations

Vo = 231.6
x%/dof = 17/49
0.004 -
0.003 1
=
S,
0.002 1
0.0011 ——— (lassical Maxwellian
— Tsallis
0.000

—— Generalized Maxwellian

l1-(1-¢9g)-

Vo = 245.9
q = 0.864

X’ /dof = 13/48

Vo = 264.5
a = 1.232

x%/dof = 13/48

()

0.004 -

0.003 -

0.002 -

0.001 -

0.000 ~

Tsallis distribution for different q

- q = 0.86
- gq=1.001
—g=11

N\

200 300 400

SISay1 zaunN v wol{ ‘biH

800

\A

q —> 1
retrieved

560 660 '0
v (km/s) Choose g = 0.864

nd change frame to Earth

Description of a Tsallis distribution

<=> Maxwell

Tsallis velocity distributions

- Tallis - Galactic
- TGallis - Earth

0.004 { a=0864
0.003 -
Z 0.002 -
0.001 -
0.000 -
22 0 100

200

300 400 500

v (km/s)

600 700 800


https://www.theses.fr/2019AIXM0615
https://www.theses.fr/2019AIXM0615

Description of a generalized Maxwellian distribution

Generalised maxwellian distribution for different alpha

a
-2 - alpha = 0.8
271- _ [ v 0.005 1 alpha = 1.0
2 V2 — alpha = 1.2
fu =2 2. U8 =gt
04 S 00031
Generalized maxwellian distribution E
0.002 -
Why ? Hint by
. . . 0.001 -
cosmological simulations \
vy = 231.6 v = 245.9 0.000 N
X'[dof =17/49 o e 13/18 0 100 200 300 400 500 600 700\ 800
0.004 vy = 264.5 :l.! v (km/s
a27 1.232 / Q
x?/dof = 13/48 )
Ry
0.003 g
b 0.004 -
0.002 5 0.003 1
3N =
3 2 = 0.002
0.001 NN —
/ —— C(Classical Maxwellian >
—— (Generalized Maxwellian a 0.001 A
— Tsallis (_7’
0.000 ‘
100 200 300 400 500 aanl |
v [km/s] 0 100
23

(a) Halo B

Maxwellian distribution
with the term inside the
exponential set to the

power a

a=1 <=> Maxwell
retrieved

Choose a = 1.232
And change frame to Earth

Generakeg Maxwellian velocity distributions

\ - (Generalised Maxwellian - Galactic
Generalised Maxwellian - Earth

alpha = 1.232

400 500 600 700 800

v (km/s)

300


https://www.theses.fr/2019AIXM0615
https://www.theses.fr/2019AIXM0615

Play on f(v) in the rate of events, hint from cosmological simulations

Vo = 231.6 'U() =2459
x*/dof = 17/49 = 0.864
2/do f=13/48
0.004 vo = 264.5
a=1.232
x?/dof = 13/48
0.003 1
=
S
0.002 1
HALO B
0.0011 —— C(lassical Maxwellian
—— Generalized Maxwellian
—— Tsallis
0.000
100 200 300 400 500
v [km/s|
(a) Halo B
iy = 186.7 ty = 182.1
x?/dof = 61/49 g = 1.055
" Jdof = 63/48
(0.004 1 = 171.9
a=0.903
\*Jdof = 57/48
0.003 -
=
~—
0.002 -
Mochima
0.001 -

0.000 4

——  Classical Maxwellian
— Generalized Maxwellian
Tsalls

100 200 300 400
v [km/s]

(b) Mochima

[0 12 JOJJOIN d Ag ‘nwils
SISayy zaunp 'y wod ‘b4

‘Ib "1 ZaunpN v Ag ‘hwlis

SISay3 zaunpN 'y wod b4

Development of

different methods to
integrate these f(v)

¥ See more in back up

Fit the simulation result
with known
distributions

¥ See more in back up

24

0.004 A

velocity distribution

0.001 -

0.000 -

Take better suited velocity distributions

0.003 -

0.002 -

= gengralised maxwellian 0.0035 -
tsallis

—— SHM 0.0030 -
c

S -

¢ Galaxy 5 0.0025

£ 0.0020 -
wv
2

2 0.0015 -
=

¥ 0.0010 1

0.0005 -

0.0000 -

27N Generalised

SN “77 maxwellian

~ == T&allis

— SHM

100 2

10-4¢

00

400 500 €00 700 800

0 100 200

300

400 500 600 700 800

300
v (km/s) v (km/s)
DS20k - Fiducial Volume - exclusion (90% CL)

\ Tsallis distribution
N ““ Generalised mawxellian distribution
i i ~' (alpha=1.232)
i ““ —— SHM (reference)

I 1 1 1 1 1 1 | - I 1 1 1 1 1 1 | - I 1 1 1 1 1 1 11

10! 102 103

M, [GeV/c?]

104



https://www.theses.fr/2019AIXM0615
https://www.theses.fr/2019AIXM0615
https://arxiv.org/abs/1405.4318

Take better estimates for the astrophysical parameters of interest

Play on v, ., vy, V., pg in the rate of events, hint from galaxy surveys

Mix Tsallis / Generalised Maxwellian

Litterature survey of parameters estimate

& parameters variation

2011 - 2023 estimates of astrophysical
parameters computed from galactic surveys
data analysis

TN - == generalised maxwellian

vy € [178,252] km/s 0.0030 - 4 - tsallis

v. e [178,252] km/s , | —— SHM
¢ ’ ¥ See more in back u |

v, € [432,693] km/s * g 00025
po € [0.13,0.44] GeV/cm?3 5 0.0020 -
— S 00015 -
Independent variation Of parameters g

SHM exclusion limit § 0.0010

Bandwidth from astrophysical parameters

10-44? — SHM 0.0005 -

I Band due to velocities (v0, vc, vesc)

10-45 ;_
§ Band due to DM densi rho
| ¥ (rho) 0.0000 -
g 1074 T T T T T T T T T
: 0 100 200 300 400 500 600 700 800
10_47? v (km/s)
—ag|_
210 o] . ] . o]
6% 200 — Bm max - v0, V¢, vesc
= I B min - vO, vc, vesc
= o~
=~ - max - rho
o) o = —— > -
] 5 o L] min-rho
102 103 104 25

M, [GeV/c?]



Take better estimates for the astrophysical parameters of interest

Play on v, ., vy, V., pg in the rate of events, hint from galaxy surveys

Mix Tsallis / Generalised Maxwellian

Litterature survey of parameters estimate

& parameters variation

2011 - 2023 estimates of astrophysical

pa fam ete 's com p Uted frO M g a | aCti C SU rveyS Tsallis exclusion limit generalised_Maxwellian exclusion limit
. Bandwidth from astrophysical parameters Bandwidth from astrophysical parameters
data analysis 0744  Ref sHM 10~ — Refshm
- Ref Tsallis - Ref generalised Maxwellian
VO & [178,252] km/s 107%¢ ~ q=0.864 1074 ~ alpha=1.232
g’ 10‘46;— g 10—46;_
Ve € [178,252] km/s ¥ See more in back up I o
V,.. € [432,693] km/s ot 1047
po € [0.13,0.44] GeV/cm3 1:20 1:40
5 I EEE min 5 | EEE min
3100 3200 ‘
5 5 ° 251 . |_1J,_LLL.[_LL.J|.2 (PR TR PR A TN P P T ° 2_1 . || bbbl on wocmial o on Lol
Independent variation of parameters ° O eevier 10 ° e evier 10

SHM exclusion limit
Bandwidth from astrophysical parameters

—a4
107 —— SHM
10- 45:_ I Band due to velocities (v0, vc, vesc)
Band due to DM density (rho)
o 10-4‘*%—
10-47|
1045
: f 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 | 1 1 11 |
é 200 — Bam max - v0, vc, vesc
= I B min - vO, vc, vesc
= o~
5 i max - rho
o) 0 e = -4 - -
z C 1 1 1 I 1 1 1 1 1 1 11 I IInlnl- rlhol 1 1 11 |
102 10° 10° 26

M, [GeV/c?]



Eddington inversion procedure

Cosmological simulations Results from Arturo Nunez thesis

Models

N

e —

Solve collisionless Boltzmann equations

. of oD of
V.

-— =0
Add some assumptions: 07 07 0V With 10-20%
- Isotropic problem And Poisson equations uncertainty
- Spherically symmetric AD = 470(7)
system .
4 + Jeans’ theorem Handy if the only

Search for a steady

state solution + Abel inversion available input s p(r)
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Non exhaustive list of articles where you can find estimates for the

useful astrophysical parameters needed for DMDD

arXiv ou doi Date Auteurs Vesc (km/s) VO (km/s) Vc (km/s) rho_0 (GeV/
cma3)

10.1111/ 2011 Mc Millan NS NS 239+/-5 0.40+/-0.04
j.1365-2966.
2011.18564.
X
1608.00971v 2016 Mc Millan NS NS 232,8+/-3 0.38+/-0.04
3
2012.02169 2021 Bovy NS NS 244+/-8 NS
10.1051/000 2018 Monari 580+/-63 NS 240 NS
4-6361/2018 * 593+/-76
33748
2006.16283v 2021 Koppelman 497+/-8 NS 232,8 NS
2 Helmi
1309.4293v3 2013 RAVE 533+54-41 NS 220 NS
1309.4293v3 2013 RAVE 511+48-35 NS 240 NS
10.3847/153 2022 Necib Lin (2 445+25-8 NS 235 NS
8-4357/ compo)
ac4244 Used Gaia

eDR3

NS = Not specified

arXiv ou doi Auteurs Vesc (km/s) VO (km/s) Vc (km/s) rho_0 (GeV/
cma3)

10.3847/1538- 2022 Necib Lin 472+17-12 NS 235 NS
4357/ac4244 (single compo)

Used Gaia

eDR3
1901.02016v2 2019 Delson et al 528+24-25 NS 230 NS

Using Gaia

DR2
1901.02016v2 2019 Delson et al 580+/-31 NS 230 NS

Using Gaia

DR2
1411.1325v2 2015 Lavalle Magni 533+54+109-4 NS 220 0.37+0.02+0.04

1-60 -0.03-0.04

1411.1325v2 2015 Lavalle Magni 511+48-35 NS 240 0,43+/-0,05
1411.1325v2 2015 Lavalle Magni 537+44-55 NS 196+26-18 0,25+0,14-0,12
1703.10102v2 2017 Green NS NS NS 0.22->0.3 (best

(Review of fit ranges)

other)
1904.04781v3 2019 Wu, Freese, NS NS NS 0.2->0.6

Kelso & al

(review of

others)
10.3847/1538- 2019 Eilers, Hogg, NS NS 229+/-0,2 0.30+/-0.03
4357/aaf648 Rix, Ness
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