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Lecture |l
Dark Matter (WIMPs & light DM) detection
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How to detect DM?

Composite DM

® >

Ultra-light bosons _ [kg]
Fuzzy DM AXi Ste'f"e WIMPs Excluded by
XIONS  neutrinos

I I | ! 1 1010 1020 microlensing

Light DM

| 2

i10 10 1 | 0 10  ,10% . I
' ' Primordial black holes
| [eV]
M
i i Electroweak Planck 0
Bosoln DM | scale scale
Lower limit Fermion DM
Lower limit

Maria Martinez, CAPA & Unizar TAE 2023, Benasque



How to detect DM?

MAURIZIO’s Lectures tomorrow

This lecture

Composite DM
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Light DM
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How to detect DM?

annlhllatlon

scattering

productlon

Astroparticles Il — M. Martinez - Master in Physics of the Universe — 22/23 - introduction to WIMPs



How to detect DM?

INDIRECT DETECTION

annihilation

production

DIRECT DETECTION
scattering

PRODUCTION AT COLLIDERS
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How to detect DM?

—
production

PRODUCTION AT COLLIDERS
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Production at colliders

* If we assume that DM couple sufficiently strongly to the SM
(as freeze-out suggest) we can probe it at colliders

DM searches at the LHC fully underway!

 How to predict the signals and interpret the results? Three
approaches:

1. EFT approach
2. Dark Matter Simplified Models
3. Complete models (e.g. SUSY)

Less complete

Dipole
Interactions

“Sketches of models”
More

complete

Dark Matter
Effective Field Theories

Minimal
Supersymmetric
Standard Model

Simplified
Dark Matter

Contact
Interactions

Complete
Dark Matter

Lictle
Higgs
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DM simplified models

Simple picture introducing a new mediator

4 tunable parameters

1. Mg Mediator mass
2. M, Dark matter mass
3. gq Mediator’s coupling to SM quarks
4. g, Mediator’s coupling to dark matter
1. 2. 3. 4,
1 v |1 o _yy - 5 - 5
L= Lom— 7 FuF"~ §mAA”A“+x(W“3y—mx)x—Z 9a AT (77 ) HaALXY (77) X

4 model flavors

vector

axil vector
scalar
pseudoscalar
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DM simplified models

Caveat: DM is non-interacting with our detector!!: We need some object to trigger or otherwise we will lose these events

/ Option (a) (Mono-X)

include ISR particle which we can trigger on
Missing transverse momentum from DM
Searches:

* MonoZ

 MonoPhoton

* Monolet/MonoV(hadronic)

* Monotop

* MonoHiggs
e tt+DM/
 bb+DM

~

Maria Martinez, CAPA & Unizar

/ Option (b) (Mediator) \
if the mediator can couple with SM then it can decay into SM
Can trigger on Z’ decay products (fully SM)

Searches:

* Dilepton resonance

e Boosted dijet

* Dijet w/ btag

* Dijet w/ ISR

* Dijet

* tt/bb resonance

q q

\ q q /

TAE 2023, Benasque




How does it look in the detector

Example:

spin 1 mediator spin O mediator
q X X
P
7
q X X

Experimental signatures:
* Energetic jet
* Large missing transverse momentum

Maria Martinez, CAPA & Unizar

let pr = 1467 GeV

PT™ISS - 1467 Gev

>
T & '. [
iy
L]
- -
* i
G
[ |

CMS Experiment at LHC, CERN
Data recorded: Sat Oct 3 06:58:12 2015 CEST
Run/Event; 258159 / 550030997

Lumi section: 434
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Example: experimental results

CMS collaboration, “Search for new particles in events with energetic jets and large missing transverse momentum in proton-
proton collisions at +/s =13 TeV”, JHEP 11 (2021) 153 [2107.13021]

Number of events with prs$
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10°F  CMS . .Z(uv}+]et5
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Example: experimental results

CMS collaboration, “Search for new particles in events with energetic jets and large missing transverse momentum in proton-
proton collisions at +/s =13 TeV”, JHEP 11 (2021) 153 [2107.13021]

Number of events with prs$ + stronger requirements on the jets
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Example: experimental results

gDM —

CMS collaboration, “Search for new particles in events with energetic jets and large missing transverse momentum in proton-
proton collisions at +/s =13 TeV”, JHEP 11 (2021) 153 [2107.13021]

Number of events with prs$
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+ stronger requirements on the jets
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Example: experimental results ——

137 fb~1, 2016-2018 (13 TeV)
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Up to now, no excess found — exclusion limits for models / parameters combinations (but theory space is enormous)
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Production at colliders

With a more global analysis, one can determine an overall preferred DM parameter space (also for complete models)

vector mediator Axial-vector mediator

i — — — DMSM spin-1 vector: 1a, 20, 30 » — — — DMSM spin-1 axial-vector: 1¢, 20, 30 o — — —— DMSM spin-1 axial-vector: 17, 27, 30
) - 10 :
IO'ZZ L magt'fhééﬁ ] 1038 1038 [

% -39
+@ a1 | CDEX-} 1 10‘39 L 10 L
= a2 | | 10 10401
) — 104 7104
10 NE £

> O 104 L 10421
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10 10745 104 |

-48
1o 49 I 10—46 10-46 i
10°

2 : 10-47 ‘

1= 100 1 10° 10°

m, [GeV]

Some take-home messages:

e LHC has complementary sensitivity to other searches (DD and ID)
* DM searches at the LHC fully underway
* No hints of DM so far showing up but still < 10% of total expected LHC data analysed
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How to detect DM?

scattering

DIRECT DETECTION

productlon

Astroparticles Il — M. Martinez - Master in Physics of the Universe — 22/23 - introduction to WIMPs
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Dark Matter direct detection

DM HALO (0.4 GeV/cm3)

250 km/s

¢:

PpM

mpm

(v) = 10°

part

100 GeV

p

cm? X s

(

my

)

0.4 GeV/cm3

)

v
250 km/s

Maria Martinez, CAPA & Unizar
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Direct detection: mass ranges & interactions

Light DM

Ultra-light bosons
F DM ° _ Sterile [kg]
uzzy | wons s e 1 10 1020 10%
M' 'I""I'-"I-%W—W%%%Hﬂw
41020 -10 10 1020 30
10 10 1 0 19 Ilo Primordial black holes |
B : DM [eV] M,
OTi?T?it Electroweak Planck ©
scale scale
< Hidden sector DM and others > € Standard WIMPs >
eV keV MeV GeV TeV

Absorption

electron recoils (ER) DM-electron scattering

electron recoils (ER)

<€ >
Migdal (Mixed NR+ER)

M. Martinez. CAPA (U. Zaragoza) VIl Meeting on Fundamental Cosmology, Granada 2-4 Noivember 2022
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DM direct detection

M. Martinez. CAPA (U. Zaragoza)

R~ NpX(py X0

dpy ~ 10* —10° st cm™2

103XNA

nuclei/kg 1c/kg/y — 1c/ton/y

0 ~ Opeqr ~ 10740 cm?

VIl Meeting on Fundamental Cosmology, Granada 2-4 Noivember 2022
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DM direct detection

DM velocity distribution
in detector’s frame

DM local density

R~ NpX(py X0

\
M Vesc ;], t
 — O.OFZ(q)f Mdav

dEg Z,m)ﬂuxN N v

Umin

DM mass scatterlng Cross section
Epmpy
where v,,,;,, =
min 2“§{N

M. Martinez. CAPA (U. Zaragoza)

dpy ~ 10* —10° st cm™2

103XNA

nuclei/kg

0 ~ Opeqr ~ 10740 cm?

1c/kg/y — 1c/ton/y

VIl Meeting on Fundamental Cosmology, Granada 2-4 Noivember 2022



DM direct detection

R~ NpX(py X0

dpy ~ 10* —10° st cm™2

103XNA

nuclei/kg 1c/kg/y — 1c/ton/y

0 ~ Opeqr ~ 10740 cm?

DM local density DM velocity distribution _
\ in detector’s frame Z 10"

\ 2

) N \ , :

dR Mgetp,, 0o Vesc (v, t) ; B 10 Few counts per kgxyear!
— — S~

dER Zm HZN O-{( ) v d v ?;)’ 1073 Energy 0(10keV)
XX Umin

No distinctive signatures

\\
3

Target dependent

t
3
=2
—
Q
[4,]
o T T TTTT T T TTTTT ‘,‘I T TYTTIT T TTTTTT
N
o
Sl
o

L L . L L L L L 1 L " L L L L |
60 80 100
where v,,,;,, =
min 2“,27(N Energy (keV)
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DM direct detection

R~ NpX(py X0

DM velocity distribution
in detector’s frame

DM local density

—
<

<
n

R (c/keV/kg/y)

DM mass Scatterlng Ccross section
where v, = [ERTW 10°°
min ZMI%N

M. Martinez. CAPA (U. Zaragoza)

NT""

dpy ~ 10* —10° st cm™2

3XNA

nuclei/kg

0 ~ Opeqr ~ 10740 cm?

0%

e ~

PR S SR SR NN SR SR R A SR SR LN |

20 40 60 80 100

Energy (keV)

1c/kg/y — 1c/ton/y

Experimental requirements

e Ultra low background
* low energy threshold
O(1-10 keV)

Desiderata:

* Distinctive signatures:
annual modulation,
directionality

VIl Meeting on Fundamental Cosmology, Granada 2-4 Noivember 2022



Spin independent / spin dependent couplings

As we have seen, there is a variety of well motivate DM candidates. How they couple to the SM is model dependent.

Hypothesis: very heavy mediator-particles (i.e., contact interaction):

— 1.7/
) @T'Y)
In general, scalar, vector and axial-vector lead to the highest event rates. The axial-vector current becomes an interaction
between the quark spin and the WIMP spin, while the vector and tensor currents assume the same form as the scalar

interaction. So generically, only two cases need to be considered:
1. the scalar (spin independent) interaction. Signal adds coherently « A% (additional assumption: same coupling for p & n)

(typically dominates).
2. the spin-spin interaction (the WIMP couples to the spin of the nucleus) (depend only on the unpaired nucleons)

0°F2(q) = 05;F&(q) + o5pFén (Q)

A% 2 47411 2 2 2

0 _ XN 0 p‘XN p dp n dn

Og = Og] Osp = —5—0sp=——= [{Sp)a, + (Sy)a ob . = 0epn — Osp = Osp =~

U)z(n SD P-)Z(n 3 ] a2 [< p) p n n] SD SD 32 SD SD 22
p

WIMP parameter space: (mx, Os1, Osp» )
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A more general approach: EFT

Following an effective filed theory analysis (EFT) the various possible 4-point interactions can be described by a
number of operators, assuming a heavy mediator (contact interaction) and nonrelativistic, independent of

underlying high-energy models.

x(p) \ /
N(k =0) N(q)

0.25

xp—q)

EFT evem sample
: : - O3 10 GeV WIMP

EFT event sample for 10 GeV WIMP in Ge

Standard SI 5 GeV WIMP
Standard Sl 10 GeV WIMP
Standard Sl 20 GeV WIMP

010 |-

normalized event rate

i = i .‘ ;
000 — 4 6 8 10 12
Nuclear recoil energy [keV]

Lint(¥) = W (X)O0, W, (X)W (X)On Wy (X),

Sl =
0O, = 1,1 = q
<1 g Ow = iSv-——
O3 = Z'SN~{ q Xﬁj‘] —»N
- _;TnN 011 _ ?’Xi
— _ al J—
05 = z'sx-{ix#] O = 5 {SN”}
my - ‘_‘ (T 7
T [g @] O o= i|SvH] Sy =
O — {SX.L][SN.L] 13 x N
muy my _ I
07 = §N ﬁJ‘ 014 = 1 §X _(] {'S_;N fUJ‘
o I my |
08 - X (Y q—» (j"
L g o = —[5-L[(swxe).-L
Oy = iS5y [SNXL] ! {X mN] N my
my
q . oy “ ”
v| = v | —— : Hermitian “transverse

Hin velocity operator

Astroparticles Il — M. Martinez - Master in Physics of the Universe — 22/23 - Theory of Wimp direct detection
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Design of a DM DD experiment

? f@)
(%

XN Umin

We need a particle detector with
- Large exposure (mass X time)
- High A for Sl coupling, m, ~ 10 — 1000 GeV
- Low A for light Wimps (0 (GeV))
- Isotopes with /| # 0 for SD
- Low energy threshold
- good efficiency in the low energy region
- good knowledge of the detector response to NR (quenching factors)
- ultra-low background at low energy for NR — particle discrimination!

VUmin

Note: Energy resolution is not a “must”. Some DM DD experiments are not even able to determine the energy of the recoil!

Astroparticles Il — M. Martinez - Master in Physics of the Universe — 22/23 - introduction to WIMPs
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Backgrounds: cosmic rays

Cosmic ray-induced muons
- Increase the counting rate
- cosmogenic activation of materials
- muon-induced neutrons

-
-
-

-
-

Go underground!

Maria Martinez, CAPA & Unizar TAE 2023, Benasque
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Underground laboratories
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Underground DD searches
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Experimental sensitivity @ 2023

* Exclude WIMPs that would produce a measurable rate over known backgrounds

107
* Assuming WIMPs coupling only spin-independent (SI) or only spin-dependent to E
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The DAMA/LIBRA annual modulation signal
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The DAMA/LIBRA annual modulation signal

LABORATORI NAZIONALI DEL GRAN SASSO

DAMA / Nal (1995-2002)

« 100 kg Nal(Tl) scintillators

« Eth =2 keVee

* 7 annual cycles

DAMA / LIBRA ph1 (2003-2010)
« 250 kg Nal(Tl) scintillators

« Eth =2 keVee

« 7 annual cycles

DAMA / LIBRA ph2 (2011-today)

« 250 kg Nal(Tl) scintillators
« Eth=1keVee
* 10 annual cycles

DM HALO (0.4 GeV/cm?3)

DAMA/Nal+DAMA/LIBRA-phase1+DAMA/LIBRA-phase?2 (2.86 ton x yr)
2-6 keV Acos[w(t-tp)]

-~ 0 g ——— ——
B i s DANLA/NAI (029 tORXYT) ey || s DANIA/LIBRA (phL (104 topcyp) e | | e DAMALIBRA ph2 (153 t0§xyT ) e
" B L ¢ 0o o5 0 o3 e ko ok ol oy Lo xoa 0l oi b oo sy s Lox o LWl ¥ b @ o] h Loy L E
% ok B Lo o R L OF P g JE o D % Ol OF OE E M s 4 o b o4 s o4 B OL & B ¥ g 4§ L og 6 ou o) [ | DAMA CIearly sees
= > o R B S I O o I I I | I & 3§ £ EFE o & 4 4 £ F B B &% 9 w 3 I I
0.04 - & . ‘ H [ | | I I AR | 1 4 1 5 E & #d 5 4 & ¥ & E g od 5 3 I |
?. 0.02 I % i I'N i I% T ¢ B o 1 | | E o o4 E & B o€ bow A T e ] o4 & ¥ F g 4 an annual
~ e o . LS el v ] x . | i 1o " i o 7 ) i : . : i 5 G g : i i 't i L H g : 1 ;
- ] : TN T SR T A : N i - . S R R - . L . R . .
‘-_: 0 Y N\ ! 5 "‘ .-,"-4." N v.;r"-" ‘ N#L NN J‘i-\_-z.'-u ‘-.1;.-"»,‘.};-'*. i vr 5 Y7 ' N/ ‘-'.."?b 3 ‘k s | '«".-f«'f_ N ""‘-'-g-.- -"'."!IF NG " 5 mOd UIatlon at
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1000 2000 3000 4000 3000 6000 7000 8000 9000
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Testing the DAMA/LIBRA signal

B

2 10—47

A,

— 104
10—49

10—50

XENONIT ™.,
(Migdal) .

DarkSide

Neutrino fog

To avoid any model dependence: USE Nal(Tl)

IN DATA-TAKING

PICO-LON
(Kamioka)

101 10° 10! 10?

DM mass [GeV/c?]

M. Martinez. CAPA (U. Zaragoza)

103 104

SABRE SOUTH
(Stawell)

DAMA/LIBRA (LNGS)
IN DATA-TAKING

Since 1995 100 kg Nal(TI)
Since 2003 250 kg Nal(TI)§

VIl Meeting on Fundamental Cosmology, Granada 2-4 Noivember 2022

The parameter’s region singled out by DAMA/LIBRA is excluded by
many DM experiments, but this comparison is model dependent.

Since Aug 2017 o e . IN DATA-TAKING
- ‘ ‘ Since Sep 2016
~60 kg Nal(TI)
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ANAIS-112 vs DAMA/LIBRA S~

s Universidad
A8l Zaragoza

@l LsC

Loboratono Subterdneo de Canfranc

ANAIS-112: First model independet test of the DAMA/LIBRA signal (same target and technique)

112 kg Nal(Tl) scintillators

@ Canfranc Underground Laboratory
In data-taking since August 2017 3 years results

1 keVee energy threshold PRD 103, 102005 (2021) =~ DAMAVLIBRA result
Background @ ROI x3 DAMA/UBRA " F 2-61kev 002 o AnAIs-tr2bestfit |
_tgf 15000:— Null hyp x%/ndf: 115.73/107 [p_=0.265] % 0.015
S s, osmp ooy | 2 oot [
14000 b 23 0005
o T #Y g x
GCJ L c ) 0
3 13000F & =
5 T g_-o.oos
12000F -§ ~ -0.01
: E o015
11000
0 200 400 600 800 1000 002 H-6lkeV  [2-6] keV
days after August 3, 2017 (days)

Best fit incompatible with DAMA/LIBRA at 3.3 (2.6) o
&:urrent sensitivity: 2.5-2.70 /
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High WIMP mass

* Double-phase noble elements TPC: Lux/LZ, PandaX, Xenon, DarkSide =~

* noble liquid (single pase): Deap, XMass 0
2, 107
103 é
S 107
N Lc) 10---’()—E
g 10 R
=10 E
~ E
E - e 5 PR e T P g R
= 10 1 2 3 5 10 20 30 50 100 200 500 1000
8 WIMP Mass [GeV/c?]
oy 10
W
210 e
E 10 10*-”: 4
c _E
= i
'%'j 10 Siome
.2 -
E 10 (}?IO"”?
: 1“ é E x“l‘l?!’\-tr‘:‘ )
Z LQ)-lOf-l(l_E
Qs - = .
i 1074 IceCube (T'7)
m 104 N ->D-p
sl s v el i 5§ vEnus
10 50 Lol Ll | I N O | M O 1 ST 1 | e e L N : 2 ’ l(:NIMf’OMso ?V/lzoo w0 o
Credit: Ciaran O’HareliU | o 10 i & o e
: DM mass [GeV/c?]
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Double-phase noble elements TPC (light + charge)

time

GA GX 3| Dark Matter WIMP 52
r,GXe = . .
’ El S1 ‘ The ratio S1/S2 is different
2 = —» for nuclear recoils (WIMPs)
Pt i R or electron recoils

LAr’ LXe (depth) g| Background (B, ) (background)

L

L
A Time
Reconstruction of the hit position

particle * Top/bottom photomultipliers = (x, y)

e Drifttime - z
— fiducialization (use only the inner (cleaner) part)

0 L S == <
] 1
] ] 0] 5 ]
ER Background rejection 5100 | L B
Fiducialization 2 [ Fiducial mass:. !
Possibility to reduce the threshold working only with s i3 i
charge readout (no bkg discrimination!) P D ey ig 13
i L .
0 100 200 300 400 500 600

. . di 2 2
M. Martinez. CAPA (U. Zaragoza) VIl Meeting on Fundamental Cosrmuiogy, uranauad z-4 NoIvernoer (ZTM)A 37



Present and future of noble-TP

¢ ‘u

/1
DarkSide-50
(50 kg LAr)

(decomissioned)

Deap-3600
(3.6 ton LAr)

Xenon 1T
(1 ton LXe)
(decomissioned)

Xenon nT
(5.9 ton LXe)
STARTED IN 2021

PANDAX-4T
(4 ton LXe)
STARTED IN 2021

N

ArDM (1 ton LAr)
(decomissioned)

ZEPLIN-III

(6 kg LXe)
(decomissioned)

(100 kg LXe)

decomissioned
. -) of the Universe — 22/23 - introduction to WIMPs 38
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Xenon 1T

(1 ton LXe)
(decomissioned)

Xenon nT
(5.9 ton LXe)

(50 ton LXe)

ZEPLIN-III
(6 kg LXe)
(decomissioned)

(100 kg LXe)

decomissioned
e -) >f the Universe — 2

STARTED IN 2021 — =
Future: DARWIN

LZ @ SURF
(7 ton-fiducial LXe)
STARTED IN 2021

PANDAX-4T
(4 ton LXe)
STARTED IN 2021

DarkSide-20k (

Deap-3600
(3.6 ton LAr)

! r

ArDM (1 ton LAr)
(decomissioned)

DarkSide-50
(50 kg LAr)
(decomissioned)

in construction @ LNGS)

(50 ton LAr, 20 ton fiducial)
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Present and future of noble-TP

RN

0 I

1 0—39

1 0—40

EDELWEISS
1 0—41

||||m|| IIIIHII|—|'I'I'I'I1|1|_I'I'ITH1||—|'I'I'ITI1||
A
T —

DarkSide-50
(50 kg LAr)
(decomissioned)

ap-3600
) ton LAr)

ArDM (1 ton LAr)
(decomissioned)

& i CRESST\N “ IR RS
. W%{, ?'-fuw P'_m\'t'""m” 1042 \\ ’ T-REX_~ DAMIC-M
T & SuperCDMS (Si) \——‘ \
Xenon 1T E 43 SuperCDMS (Ge) ‘\
(1 ton LXe) © 10
(decomissioned) & = ‘
— 8 w0 e \ \
0 — /.,./ e
(})) 10_45 E‘(v—ﬂoor
2 = - Argon - - Gg?i
& 107% — Xenon =-:- CaW0,
—
© 10
10—50 IIII | | l|||||| | | ||||I|| | | ||||I|| | | ||l|||| | 11 11111

0.1 0305 1 35 10 30 50 100 300

WIMP mass [GeV/c?]
LZ (in construction @ SURF)
(7 ton-fiducial LXe)

ZEPLIN-III

(6 kg LXe)
(decomissioned)

(TUU Kg LXE) Y
decomissioned)

,_.2_ >fthe Universe — 2

W

(

1000 3000

warnuius-20K (in construction @ LNGS)
(50 ton LAr, 20 ton fiducial)
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Low WIMP mass (<10 GeV)

A very low energy threshold is needed

1[]_3? TT T T .
e | | to explore the low-mass region
10~ -
o Sl T T TTTTIT T TTTTTT T TTTTTT T T TTTTT
NE 10-% s O e L T N~
@] E =
e 1[]—4[] e J_:-"’;J B -
'_.% 10_41 ':::: J_f—" | g 10g %
9 —— < - ]
n 1072 1 - 1k E
2 19 2 g
g i = 10! - ]
o 10 - -
g 1074 3
'TIJ 10—2 Lol | [ N | [ NN | [
E 1046 - 1 10 102 10° 10*
L a7 L Neutrino fo = | DM mass in GeV
S 10
oY |
B 10 —— * Cryogenic detectors: Edelweiss, CRESST,
—49 | -
10 SuperCDMS
—50 I W I | Ll L . .
100 100 10 102 103 104 * CCds: Damic, Sensei

Credit: Ciaran O’Hare

M. Martinez. CAPA (U. Zaragoza)

DM mass [GeV /c?]

* High-pressure gas chambers: News-G

VIl Meeting on Fundamental Cosmology, Granada 2-4 Noivember 2022
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DM-e scattering

103

Liquid Nobles
1021 Bubble Chambers

101 1 -
lonization in

a Semiconductors/Insulators
10Y S

1072 P

Recoil Energy (eV)

Optical Phonons
Low-Gap Materials

Superconductors, Superfluids
Single Phonon Detectors

10—4 P —— S —— .
103 102 101

Mass (MeV)

Maria Martinez, CAPA & Unizar

103

TAE 2023, Benasque



Cryogenic detectors & p-type Ge for low-mass
wwmPs

CRESST: E1,.05= 30 eV, EDELWEISS Et,,res 6 eV,

TES thermometer for the
target crystal

20x20x10 mm?3
cristal (CaWO,,
Al,0,, LIAIO,)

Copper housing

PRD 100 (2019) 102002

TES thermometer for the
Light detector

Light detector
(20 x 20 x 0.4) mm?
Silicon-on-Sapphire

Reflective foil

PRL 125 (2020) 14, 141301

CDMSLite E;pyes = 70 €V CDEXE,; .. = 160 eV
600 gr SuperCDMS Sensorseasure =
detectors operated at i
high voltage

~1 kg p-type
— Neganov-Trofimov- point contact Ge

Luke (NTL) amplification PRL 123 (2019) 161301

PRD 99 (2019) 062001
Turn off — nuclear + electron recoils
M. Martinez. CAPA (U. Zaragoza) Turn on — charge detector in Fundamental Cosmology, Granada 2-4 Noivember 2022




CCDs for low-mass & e” scatteting: DAMIC,

coherent elastic scattering

&

DAMIC @ SNOLAB: 42 gr Si (7 CCDs), Eth =50 eV
Future: DAMIC-M (LSM) (1 kg)

SENSEI @ MINOS: ~2 gr Si-CCD, Eth few eV
Future: 100 gr @ SNOLAB

OSCURA (0(10) kg), in development

M. Martinez. CAPA (U. Zaragoza)

Copper

o [em?]

Kapton
signal cable

10—
10—28 ]
10—29 _ B
10—3() iy

]0—31
10-32
10-33
1034

10—35 E
Qe
10736 “el o

1073

’0—38

10-39L

1 0—40

DM—¢ scattering

Benchmark \_LXe TPCs

Fo=1 (EEEaIatonNod.- v 3
oM : {d 1] XEN_C'_EL-‘
1 10 10? 10°
m, [MeV]

50 pixels

10~ 28

- RL 125, 171802 (2020)

1029

WIMP—e scattermg

10-30L 1

lg—ill:

T [em?]

10-34L
10—35 "
107361 Fpm=tam,q)* 3 =

10—37[ - L A 1
1

Low-energy Electron
candidates

o

a

102 -

103

5 10 15 20 25 30
Energy measured by pixel [keV]

- DM-—e¢ scaltering
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Bubble chambers for SD-p

Best DD SD-p limits come from bubble chambers experiments that use

targets with F (highest sensitivity to SD WIMP-proton couplings) 2-4 GeV:  PICASSO (3 kg CaF1o)
Astropart. Phys. 90 (2017) 85

5-100 GeV: PICO-60 (52 kg CsFs)

* Freon in metastable superheated state

* Tune the chamber to be unresponsive PRD 100 (2019), 2 022001
to most backgrounds. Only recoiling > 100 GeV: Icecube (t777)
nuclei produce bubbles! .
10 E .
* Tune the chamber to set a nucleation E e
energy threshold 0
| g
(N & wl
i o 1 T ]
" pICO ! = Alphag =1k
Pressure Vessel :Z. 0 4X |Ouder .?9) =
E ! -0.05 0 0.05 than % IO ‘UE_
A Bellows ' time [s] ' neutrons! § = B orsi
Water (Buffer) ‘ ﬁ)ci:::i)cSensors T:::Sl;sl]liﬂ (2- lo—-m E_
2 E =2 TSSSESSSN .
C3F8 (Target) B o e
synthetic quart bE= 10" &= Direct comparison DD / ID e 125
e vesel e - neutrinos searches
;::::::::ﬁz;ﬂ l()_.u 1 1 g v g a-q-] 1 1 L1 aaaal 1 1 " N A
: 1 i 3 3 10 20 30 50 100 200 500 1000

\ ) \._ J. / WIMP Mass [GeV/c?]
—Aartrer—CAPA(S Zaragore mFlindamental Cosmology, Granada 2-4 Noivember 2022 45



Beyond the neutrino floor: directionality

The Earth experiences a wind of DM particles apparently Annual modulation: 2-10% effect

coming from Cygnus. The scattering is not isotropic in the Forward-backward asymmetry: 20-100% effect

galaxy frame - FORWARD / BACKWARD ASYMMETRY

y ¥ A i Target: Xe 1.6667 - 3.3333 keV F. Mayet et al. / Physics Reports 627 (2016) 1-49
X 12:00 h | Time: 26th Feb. 2015 06:00 | | Time: 6th Sep. 2015 06:00 |
Gy G mean recoil n genfaral W”V”’ WIMPs
'ygnus [ _ _ can reject
: direction
, . solar
. oscillates due to .
a2 ) neutrinos
— = the rotation of the
00:00 h Ea I’th dRhm/dQ" [toll ! year™! sr l] (lem/dQ [ton™" year™" sr~!]
1 ] —
NEWAGE Gas TPC. strio readout Running underground
DRIFT Gas TPC, NID,wirereadout 1.5d Running underground
MIMAC Gas TPC, strip readout 3d Ran underground, scaling up
DMTPC Gas TPC, optical readout  2d Ran underground, scaled up, stopped
D3 /Hawaii R&D  Gas TPC, pixel readout 3d Prototypes evaluated, ran aboveground
New Mexico R&D Gas TPC, NID, optical 2d Prototypes evaluated
o LEMON, ORANGE, GasTPCs, CMOS + PMT 3d Prototypes evaluated, funded to
. INITIUM, CYGNO  optical readout scale up
° e T T o 92 b4 08 08 N0 NEWSdm Nuclear Emulsions 2d Prototyping / going underground
Arbitrary units Arbitrary units L

PTOLEMY Graphene 2d Prototyping / going underground DRIFT CYGNO
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Beyond the neutrino floor: directionality

The Earth experiences a wind of DM particles apparently
coming from Cygnus. The scattering is not isotropic in the
galaxy frame - FORWARD / BACKWARD ASYMMETRY

WIMP wind

Cygnus P2

4

3

1]

A

v

X

00:00 h

0 0.2 0.4 0.6 08 1.0
Arbitrary units

M. Martinez. CAPA (U. Zaragoza)

~420

0.2

12:00 h
X

0.4 06
Arbitrary units

0.8

mean recoil
direction
oscillates due to
the rotatiogm !

Annual modulation: 2-10% effect
Forward-backward asymmetry: 20-100% effect

Target: Xe 1.6667 - 3.3333 keV

ITimc: 26th Feb. 2015 06:00 |

In general, wivp
can reject
solar

neutrinos

Earth

VIl

Strip readout

~ J CYGNUS-UK
Boulby, UK
He:SFg
GEM+wire
readout

CYGNO/INITIUM §.
Gran Sasso, Italy
HeCF, (SF,)

CYGNUS-ANDES
New proposal
thd
Sven Vahsen, Magnificent CEvNS Workshop

F. Mayet et al. / Physics Reports 627 (2016) 1-49

I Time: 6th Sep. 2015 06:00 I
WIMPs

Kamioka, Japan |
He:SF,(CF,)
Strip readout

CYGNO-0Z

Stawell, Australia
R&D leading
to 1m*




Outlook & prospects

107%

10-40

1074

42
10 SuperCDMS (Si)

SuperCDMS (Ge)
10-43

10-44
1045 et

1046

Cross Section [cm?]

1 047
1 0—48

10-49

lIII 1 IIIIIII

EDELWEISS

NEWS-G
T-REX_~ DAMIC-M

1 | IIlIII

10—50
0.1 0305 1

35 10

30 50 100 300

WIMP mass [GeV/c?]

10—43§ —

o Dark Matter}

SI WIMP-nucleon cross section [cm?]

10 9;‘Target: Xe
T = 1 year

107° el

: Rep. 627, 1 (2

" 1.2 73-d o sense récolgﬂit'i(')r'l?
— 3-d ]
--= 2-d no sense recognition_|
— 2-d
=== 1-d no sense recognition
— 1-d =

= Energy only

0 1
M. Martinez. CAPA (U. Zaragoza)10

10° 10

WIMP mass [GeV]

1000 3000 10*

* World-wide effort to detect DM “directly”. No signal by now

 DAMA/LIBRA positive signal not confirmed at almost
30 by ANAIS-112/COSINE-100 experiments

e Xe & Ar multi-ton experiments planned to reach the
neutrino floor in the next decade

* Many new ideas/experiments to explore DM scenarios in
the GeV (NR), MeV (ER), keV down to eV (absorption)
regions

* Beyond the neutrino fog? Directionality? = CYGNUS
collaboration

VIl Meeting on Fundamental Cosmology, Granada 2-4 Noivember 2022
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How to detect DM?

INDIRECT DETECTION

annihilation

0

scattering

< »
production

Astroparticles Il — M. Martinez - Master in Physics of the Universe — 22/23 - introduction to WIMPs
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DM annihilation / decay

WYZ bt i h v vy e
Primary Final
Channels Products
@ your favorite theory (X X X ' . » e -0 O
W-Z bt t h U Y e p

o # Primary Final
\ Channels Products
your favorite theory . . ®c . . * e @
W-Z b 1t Y e p

How much energy is dumped into the different particles depends on the annihilation channel & energy

Juan A. Aguilar, Dark Ghost 2022

Astroparticles Il — M. Martinez - Master in Physics of the Universe — 22/23 - introduction to WIMPs
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DM annihilation / decay

Primary Final

/ \ Channels Products
@ your favorite theory . . [ X . . »

®
W-Z bt t h P
o occ0@=p -
wrZ bt b P
o # Primary Final
\ Channels Products
yourfauorltatheory ......* e -0 @O
W-Z bt I j v Y e P

)

L

3 kind of searches:

antimatter(*)

gammas

neutrinos

How much energy is dumped into the different particles depends on the annihilation channel & energy
(*) expected background is much lower for antimatter than for matter (but not negligible: positrons and antiprotons are

produced through cosmic-ray collisions in the Galaxy)

Astroparticles Il — M. Martinez - Master in Physics of the Universe — 22/23 - introduction to WIMPs

Juan A. Aguilar, Dark Ghost 2022
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Products propagation

Gamma rays
’Y * Propagation on geodesics

_ Prompt * Absorption or energy losses small
X5 X at ~GeV energies
\ * Point towards their sources
\\;_"> B-field Secondary
/Y //:E.amma-rays A ‘\% \ 3 €_|_
X W zig o v p ’ P
el 100 e Charged Cosmic rays
Fo-10008Y ~| " u*\"\"e' * Electrons/positrons, nuclei
% WH/Z/g e+ . . . . .
x  Neutrinos * Quasi-diffuse propagation in turbulent magnetic
>\1~ field of the Galaxy
'6_1{!*"6 * Suffer significant energy losses, mostly
+afew p/p, did synchrotron emission, inverse Compton losses
Anti-matter
U
Neutrinos

* Geodesics
* VVery hard to measure
* Can escape from the core of dense stellar objects

Astroparticles Il — M. Martinez - Master in Physics of the Universe — 22/23 - introduction to WIMPs 52



Gammas/neutrinos flux @ Earth

spectrum J-factor
| (O'AV> dN
4x 2m? dE

Annihilation

dQJ p)?(r(s, Y. 0))ds
[.o.s

\ %/__ _ IO S Ilne Ofs’ght do / dE

EARTH

v —

T Particle physics Astrophysics
dN 'i dE v / \ \ \

depends on the
density profile!

measurement Common choice: NFW

particle physics astrophysics

dd

Decay E

AQ
J' dQ[ p,(r(s, Y, 0))ds
0 l.o.s

Adapted from Juan A. Aguilar & R. Gozzini, Dark Ghost 2022
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Secondary emission

“Secondary” radiative emission induced by leptonic particles interacting with the environment

Charged particles from DM annihilation can also give rise
to secondary photons, due to upscattering of ambient
photons from starlight or the CMB, and synchrotron
radiation from high-energy charged particles propagating
in @ magnetic field.

. nchrotron emission
Inverse Compton scattering Synchrotron emissio

( low-energy \ j
hoton electron
AR
magnetic field )
- s e
- electron k ‘J

Astroparticles Il — M. Martinez - Master in Physics of the Universe — 22/23 - introduction to WIMPs

VS, (erg cm’” s_l)

[ [, — —_— —_ [
O| o| O| o| o| OI

— —_ —_
w [\ —
T

—_
N

p—
(9]
T T T TTTm

—_
(@)}
T TTTT

F. Calore, TAUP22

Radio

Synch

L McDaniel+, JCAP’17
1 L 1 1 I 1

5 10

15 20 25
loglv (H2)]

Example: Annihilation into b-quarks; mpm = 100 GeV
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Relevant radiation mechanisms

Signal energy [GeV]

10" 1

10"

10 1

102

102

10—

Ig—¢

1071

10—18

QCD Axions WIMPs WIMPzillas
ALPs sub-GeV DM
i L S SR A
Q [0}
1 B
@ i ..
= €
w
4y
o :
A St L
35
Q
[0}
N
i 3
P X\‘
e ¢, 4 Sf @Q
e N >
’ a 5 L
Vg o o
- 7 Q Qo
v’ o@ N
uv ’ 'e) 1)
(o)
%)
o > Sé
<
CMB distortions
21 cm line
10-18 1014 1010 106 10-2 102 106 1010 1014

Center of mass energy [GeV]

Astroparticles Il — M. Martinez - Master in Physics of the Universe — 22/23 - introduction to WIMPs

CSW, in prep

UHECRs

Gamma rays &
Cosmic rays

Xrays

uv
Optical/IR
CMB

Radio

1 Sep 2017 C. Weniger - Indirect DM searches
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Sources for gamma ray searches

Higher flux

Galactic Centre

Galactic

Galaxy clusters
Center Halo

Robust
predictions
< >
Large
uncertainties

* Relevant parameters:

+ DM quantity, concentration Dwarf galaxies
and distance ! Lower flux

+ Uncertainties

+ Astrophysical background J. Rico, Dark Ghost 2022
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Sources (neutrinos)

Neutrino telescopes can also search for DM annihilation in the galactic center, but the most promising searches
are for DM annihilation in the Sun

DM can be trapped in the Sun and annihilate. Only neutrinos can scape, and they would be a very clear signal of DM
x To calculate the annihilation rate, one
assumes equilibrium with capture
probability — related to o5.4¢¢, SamMe cross
section as for direct detection

107

%
/;‘
()’
V 1077 C
a
=
2107
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: > 2 e
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WIMP Mass [GeV/c?]
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DM ID experiments: radio, microwave, x-ray, y's

RADIO AND MICROWAVE TELESCOPES X-RAY AND GAMMA-RAY TELESCOPES
2000 1990
1995
2005 F
2000 X MM
NEWTON
2010 F 2005 L CHANDRA INTEGRAL
SUzZA
2010
2015 F
2015
g g 015
~ 2020 ~ 92020 |

g NOW
MEERKAT 2025

2025 |
r— E-ASTROGAM
2080 SRR

2035
2040 P
1 1 1 1 1 1 1 1 1 | 1 N | N N | M N ] M ) ] M M ]
GHz THzZ KEV MgV GEV TEV PEV
R. K. LEANE FREQUENCY R. K. LEANE ENERGY

Slatyer’21
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Cosmic rays and neutrino telescopes

CosMIc-RAY TELESCOPES 1005 NEUTRINO TELESCOPES
1995 F
2000 P
2000
MILAGRO 2005
2005 F ~
. =
e >~ 2010
o
~ 2010 f g
S
2015 2
)
2015 P
2020 KM3NET NOW
2020 F D ——
2025
R- UNE
1 1 1 1 1 | 1 1 1 1 1 1 1 1 ] 1 N N 1 N N 1 N . 1 N 2 |
GEV TEV PEV EEV ZEV MEV GEV TEV PEV EEV
R. K. LEANE ENERGY R. K. LEANE ENERGY
Slatyer’21
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Antimatter: AMS02

Star Tracker

Alpha Magnetic Spectrometer (AMS-02), a detector operating on the International
Space Station (ISS).
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Gammas from the space: FermiLAT

* Space-borne telescope:
+ Operating since August 2008

+ Anti-coincidence shield + tracker +
calorimeter

* Almost background free
*x Energy range 100 MeV - 300 GeV
* Energy resolution: 10-15%

* Angular resolution:
~1°(0.1°) @ 1 (100) GeV

* Field of view: 2.4 sr (1/5 of sky)

* Full sky survey every 2 orbits
(~3 hours)

* ~100% duty cycle
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J. Rico, Dark Ghost 2022
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High energy gammas: HAWC & LHAASO

Cascadas EM

111111111111111111111111111111111111111111111111111

il — il
f"-_ L
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High energy gammas : Atmospheric Cherenkov

Credit: Nina McCurdy and Joel R. Primack/UC-HiPACC

-

charged
particle

Cherenkov FERMI Telescope
light
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Neutrinos: ICE-cube / Km3net

Km3net (Under Mediterranean See)

- A —

ICECUBE (South Pole)

Astroparticles Il — M. Martinez - Master in Physics of the Universe — 22/23 - introduction to WIMPs

64



Limits from dwarf spheroidal galaxies

10—21

Ackermann at al. PRD89(2014)04200|

10 21 ¢
10-22f =
_10°8]
T i
wn |
o 107A1L
= 10wt
& i
1026
10—27;

4-year Pass 7 Limit .

G-year Pass 8 Limit Ferml LAT
Median Expected

68% Containment

95% Containment

10! 102 103

10—22 J

10—23 4

1024 4

v> [cm3s™1]

10725 J

10—26 d

10—2? J

10—28

...... Ho

Em Hy 95% Containment
Hy 68% Containment

—— HAWC Combined

=== Fermi Combined

DM Mass (GeV/c?)

m— VVERITAS Combined
— MAGIC Seguel
= HESS Seguel

== Thermal DM

Albert et al.Ap|853(2018) 154

10°

Astroparticles Il — M. Martinez - Master in Physics of the Universe — 22/23 - introduction to WIMPs

10
M, [TeV]

10?

(ov) [em’s]

102

107

105

1072

10%

.-
AN —TT

T TTTIIL, T IIIIIII| [ TTTTI

- VERITAS - 48 hrs Segue 1

VERITAS - 216 hrs Combined DSphs

MAGIC - 160 hrs Segue 1

HESS - 141 hrs Combined DSphs
Fermi-LAT - 6yrs Combined DSphs
Fermi-LAT + MAGIC Segue 1

10

10
Mass [GeV]

10°

Archambault et al. PRD95(2017)08200|

(o)}
U



Combined analysis: The Glory Duck project

dSph Instrument[s]
Bootes | VERITAS, HAWC, Fermi,
Canes Venatici | HAWC, Fermi
Canes Venatici ll HAWC, Fermi
Carina HESS, Fermi
o ENEETE R MAGIC, HESS, HAWC, Fermi
Draco MAGIC, VERITAS, HAWC,
Fornax HESS, Fermi
Hercules HAWC, Fermi
Leol HAWC, Fermi
Leo ll HAWC, Fermi
Leo IV HAWC, Fermi
Leo T Fermi
LeoV Fermi
Sculptor HESS, Fermi
Segue 1 MAGIC, VERITAS, HAWC,
Segue 2 Fermi
Sextans HAWC, Fermi
Ursa Major | HAWC, Fermi

MAGIC, HAWC, Fermi
VERITAS, Fermi

Ursa Major Il
Ursa Minor
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Limits from the galactic center

Montanari ICRC21
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Neutrinos from the Sun

— Limits to the scattering cross-section (SD, Sl), directly comparable with DD limits

(ORCA 115 (5 years),

ANTARES (2007-2012), IceCube (2011-2014), 5K (1996-2012], PICO [2015—2017]]

Mwimp [GeV]

[ORCA 115 (5 years), ANTARES (2007-2012), lceCube {2011-2014), SK (1396-2012], PICO (2016-2017)
| M RNaT Prolk i ! R e e e
10-1L I  KM3NeT Preliminary | g - KM3NeT Preliminary
z | | - ; |
' B e
ORCA bb | . ORCA bb |
1072 N I —T Icecube Wi 4
Y : | | | 5 10
2 S | 2
T 103 S e S S — e A " 10
N - Aantares 7 ] S 10-6
S [oRCA W+ /-] ‘. '
: | 1077 T -
|
10! 10° 10° 104 10! 10° 10° 104

Mwimp [GeV]
R. Gozzini, Dark Ghost 2022 (NOTE: Orca limits are projections)
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Some signal claims

C. Weniger, ATI PhD school, UCLA 2018
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The AMS-02 antiproton excess

p/p ratio

L ] L [ LI L ( LI l LU I LU I LU ] LI l LI I L
B e AMS-02
‘{-mn, ¢4 + * .
L]
10 —
Secondary production
AMS-02 CERN press conference |
April 2015
10_51]]llllllllllllllllllllllillllilLlllllllll]lllllT
100 200 300 400 500

Kinetic Energy [GeV]

But this plot does not take into account all the present
uncertainties
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CURRENT SITUATION:

No excess observed above astrophysical
background, when all uncertainties are taken
into account - Only upper limits

¢ PAMELA2012  (jiesen+1504.04276
¢ AMS-022015
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= ° Uncertainty from: Cross-sections
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B Primary slopes
Solar modulation
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C. Weniger, ATI PhD school, UCLA 2018
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The Galactic Center GeV Gamma-Ray Excess

Five years of Fermi LAT data > 1 GeV Papers that looked at data
* Goodenough & Hooper, arXiv:0910.2998
* Hooper & Goodenough, Phys. Lett. B697 (2011) 412
* Hooper & Linden, Phys. Rev. D84 (2011) 123005
* Boyarsky, Malyshev & Ruchayskiy, Phys. Lett. B705 (2011) 165

* Hooper & Slatyer, Phys. Dark Univ. 2 (2013) 118

* Gaggero, Taoso, Urbano, Valli & Ullio, JCAP 1512 (2015) 056
* Daylan, Finkbeiner, Hooper, Linden, Portillo et al., Physics of Dark Universe 12 (2016) 1
* De Boer, Gebauer, Neumann, Biermann, arXiv:1610.08926 (ICRC 2016 proceedings)

= Carlson, Linden, Profumo, Phys. Rev. D94 (2016) 063504

* Bartels, Krishnamurthy, Weniger, Phys. Rev. Lett. 116 (2016) 5
* Macis, Gordon, Crocker, Coleman, Paterson, arXiv:1611.06644
= Lee, Lisanti, Safdi, Slatyer, Xue, Phys. Rev. Lett. 116 (2016) 5

The GeV excess is there, but is it a DM signal? Today, the
leading explanations for this Galactic Center Excess are:

- a new population of millisecond pulsars
- annihilating dark matter.
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Excess is likely DM

Excess is likely not DM
Excess is not there

C. Weniger, ATI PhD school, UCLA 2018

* Ajelloetal, 2017,arXiv:1705.00009 (4 a few that | must have missed) + hundreds of DM theory papers
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7 keV sterile neutrino

e Xray DATA from XMM-Newton, Chandra, Fermi-GBM, ....

e Excess at 3.5 keV
* Posible explanation: decay of a 7 keV sterile neutrino

Status: Signal strongly constrained!
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Bulbul et al. (2014), Boyarsky et al (2014), many subsequent studies
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Maria Martinez, CAPA & Unizar TAE 2023, Benasque



Complementarity of DM searches

DM Direct Detection M S Indirect Detection ™ 5 Collider
L |
REGIMES: | g ~ few KeV Vs ~2m, s ~ few TeV
o INVOLVED: Oscatt (Tann?) Oprod Adapted from M. Cirelli
p— XIEI\IIO|N1IT ' ' .. Elxcll;de:'jb;llll) l;ut not DD
107~ | . Ssurives DD, ID, and LHC e Excludedby DD and ID —
|| = Survives DD and ID but not LHC Excluded by DD butnotID | |
10~7
* The 3 searches are complementary
. . . —_ -9
* The comparison is not direct, but we need a g 10
DM model & o-n
e
10-%
101

M. Cahill-Rowley et al. “Complementarity and Searches for Dark 10-17
Matter in the pMSSM”, arXiv:1305.6921
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Backup
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Distribution of final states

How much energy is dumped into the different particles depends on the annihilation channel

Leptonic channels

DM DM- e; +e; * DM DM—- v~ +7."
O
e ¢ 0 v
d+p d+p Qr—’/ \|
V- ' /
y -
%
— 0.99%, (0.948) E,.e/Ew = 0.320 (0.318)
Ep+d/Ey e = 0.000Y0.002) Ep+d/Ej, +e = 0.001 (0.007)

m =200 GeV
m=>5TeV
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Hadronic channel

DM DM- b+b
Y

E,.o/Ew = 0462 (0.454)
Epia/Ey e = 0.159 (0.198)

Cirelli et al. (2010) “PPPC4DMID"
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Primary spectra

e* primary spectra
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dN/d log x

dN/d log x

DM annihilation channel

Y primary spectra

Mpy = 10000 GeV

107!

—2 b e e v e

10° 100* 10 1072 107!
x=K/Mpm

Ve primary spectra

Mpys = 10000 GeV

10

—4
10° 10¢ 10 102 1070 1
x=K/Mpm

M. Cirelli et al,
“PPPC4 DM ID: A
Poor Particle
Physicist Cookbook
for Dark Matter
Indirect Detection”,
JCAP 1103, 051
(2011) [1012.4515]
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Migdal effect

In our “naive” picture of the WIMP scattering off nuclei we have made the implicit assumption that the electron
cloud of the recoiling atom instantly follows the nucleus, so that ionization/excitation are only produced
subsequently, as the recoiling atom collides with surrounding atoms.

However, it is known From neutron-nucleus scattering experiments that the sudden acceleration of a nucleus
after a collision leads to excitation and ionization of the atomic electrons. The origin is found in the

nucleus/electronic cloud dynamics: PRLI21, 101601 (2018) xey

JHEP 03, 194 (2018) jﬁ

e ~

(A o - \ Migdal approximation: the electron
. ? v ® PR & cloud of the atom does not change
e’ = N

\ ° \ N \ during the nuclear recoil

M. J. Dolan, “Directly Detecting Sub-GeV Dark Matter with Electrons from Nuclear Scattering”, Phys.Rev.Lett. 121, 101801 (2018) [arXiv:1711.0990¢

In the Migdal approximation, immediately after the collision the nucleus moves relative to the surrounding electron
cloud. The electrons eventually catch up with the nucleus, but individual electrons can be “lost”, leading to ionization
of the recoiling atom

The “Migdal effect” provides an additional signal which is larger than the normal one for low mass DM.
Caveat: It has not been observed yet, by now it is only a hypothesis!
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Migdal effect “predictions”

M. lbe et al, “Migdal effect in dark matter direct detection experiments”, JHEP03(2018)194 [1707.07258]
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“We showed that the ionization signals through the Migdal effect provide new detection channels for light dark

matter with a mass in the GeV range. Since such signals are eliminated as background events in the conventional
analysis of the dual-phase experiments, different analyses are required to cover such signals.”
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Migdal effect

M. J. Dolan, “Directly Detecting Sub-GeV Dark Matter with Electrons from Nuclear Scattering”, Phys.Rev.Lett. 121, 101801 (2018) [arXiv:1711.09906]
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Migdal approximation: immediately after the collision the nucleus
moves relative to the surrounding electron cloud. The electrons
eventually catch up with the nucleus, but individual electrons can
be “lost”, leading to ionization of the recoiling atom

2 LUX (M)
%
7, CRESST (Surf)

New detection channels (e-) for light dark matter with S|

. 10—36 =
a mass in the GeV range. % N EDELWEISS (Sur)
107} Y

107

0

107

&
102 T T T T L B g \\ NEWS-G
=2GeV — I ] DAMA/Na

= 10’ Mow = 2 Ge CAVEAT: EFFECT g 1o N e DAMAT -
3> 0 T, =10"%cm? = \ > 4 coSINE-!
g w0 et o NOT YET PROVED - *- el
T -1 ectron signai!! L ) X o kside-30
S 10 g EXPERIMENTALLY!! 2 ONSSCIDELWESS 0 DS
= 107 ; g 10 ¥ = N0 LU
= = 1077 i N\ TENONYT __—
= (but maybe will be S
i 0 d by th 10746 ———— X
e proved son by the \_
S 10-5 MIGDAL collaboration) 108 '\

10_160—2 10—1 100 101 10—50 il Ll Lol | ‘|—|‘|||||| Ll 11l

E.lkeV 0.1 0305 1 35 10 30 50 100 300 1000 3000 10*
det ee
2

M. Ibe et al, “Migdal effect in dark matter direct detection experiments”, JHEP03(2018)194 [1707.072*¢ WIMP mass [GeV/c7]

M. Martinez. CAPA (U. Zaragoza) VIl Meeting on Fundamental Cosmology, Granada 2-4 Noivember 2022 84



Xenoni1T electronic excess
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xenon1l electronic excess not confirmed by
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