 candidates and searches

 Fiorenza Downato
| Toriho University & INFN

~ IWHSS- Yerevan 01/10/2024



Dark matter in Ehe Universe

DM is there, gr&vi&&&imnaitv

Cirelli, Skrumia, Zupawn 240601708

radiation

baryonic matter
(luminous + gas)

S ./._;.';,."j. 'b Dark
«g¢ = ‘Matter

neutrinos

matter

Content of the Universe Ec}ci&:j (Left)
and at the time of photon decoupling (right)



 Properties of DM particles

© Mu,s& be tc:-id (ha& DM ﬂfmaf:mn very smod.i.)
o Eleckric charge null (or very small) .
¢ Cross section smaller than a Ejpucai weak cross sea&mm
¢ The cross sea&mn be&m&evx 2 DM parhai&s smau.er Ehan &vF&LCQL QCD (Coiusc,somtess)
o Stable on Ln§a&ume of the Universe | '
o If {amnc}v\ m>~ keV. If bosonic, also much Llighter

A plethora of candidates, and BSM theories

WiM'P (weam~Lv imEeraaELv\Q massive PQT&Q&LE}# mLLLi-—-tharged, warm DM,
Ulkra-Light {u,z.z.v (m™~ 10-21 e.\g’ Y, WISP (mmt:, interacting slim Fmr&i,tte) DM, .o



. ;?&T&E{aiﬁ. i, M o V\dﬁ I3 0\& &9

ALL kmamm properhes of "DM are demveci frcwm gro\w&ohonat m&emc:&mm,
| which is very weak. ‘Prc:«par?:w.s of a DM parhei& requires
sEranger-&han—-gravn&a&nov\at m&erm:&mns

: ijnm&E{;F{eLMer,Na&ure ‘ths. 2017

Cirelli, Strumia, Zupan 2406,01705

Some dark matter candidate particles

Fields Particles Macroscopic objects
Too Ultra-light thermal
big scalars ' . g relics PBHs
103 10-%0 10710 10%° kg 1010 10% 1070 104
Trow Al weak scale Planck scale Asteroid mass  Solar mass Neutrinos -
WIMPs: T
Neutralino = QE,
KK photon S °
; % 3 = branon E ©
' o EATS RN . LTp —> =
Possible range for Dark Matter = f | T :
particles, and some notable | ‘ o
candidabes, e,
A mass spectrum spanining |
almost ¥0 orders of ' g Mass (GeV)

maghitude



SIGNALS from RELIC WIMP DM particles

Direct searches (deeply underground experémém&s} ~
elastic scattering of a WIMP off detector nuclei
Measure of the recoil energy
Annual modulation and directionality of the rate

Indirect searches in Cosmic Rays (mostly space based experiments)
signals due ko annihilation of accumulated
XX tn the of Sun/Earth (heutrinos)
sighals due to xx annihilation in the galactic halo

(ankimatter, gamma~ra~js)

| New particles are searched at accelerators |

| but we cannot say anything about being |



- Relic abunciamae s&d.i. genera&&d bj %hermai. ﬂfreez.&"c)u&
"Qeqmres new m&evachov\ bejond. weak m&erm:&mm

 See Zurek 2401,03025 J
Standard Model
Boehm+ 2004,

‘PosyeLov-t- ROOY¥,
Feng+200¥

AQCD Hidden Sector
Visible Sector

Hidden sectors (QCD-Like, QE"D-—-LM& remmav\& of Susy,.. D)
Hidden portals (vector, scalar (vm Hugqgs) portals... Y



- Direct detection of DM
QQLLQS OM H’“e hjpo%kasns Eho& H"E 'bM P&fh«ct@. m&erar::&s weakij w&k nuclet

Efxpemmem&s condua&ed cia@.p umdergroumd smeidms cosmic ravs.
_Pre& Mau&roms can mimic a 'DM even&

S Hdsetéch@afo(f: for LZ Coll. at Te.\/‘?A2024 .
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107
WIMP Mass [GeV/c?]

WIMP DM has an interaction, if any, comparable to the neutrino one



The. Mmer;ﬁmﬁom B¢ direb debection

. M cis,ret& de&et&wm expemmem&s are Nows rea&kw\g\ a semsu&w&-j oﬂf
g ™M 10o-40 ez, very weak m&eraa&om at the level of
L.oke.reh& eLasz meu&rmo-wmudeus sc:a&&ermg (UE:VNS)

Solar B ne.u,&rmas ('2’*15 Me\f) are predwﬁec{ b aon&mbuﬁe sc@m&wamﬁv
&c;:- L.E'VNS U underground DM cie&eat&}rs, albeit ok keV ‘energies

First SCO&EQT’E,V\SS measured bj XENONWT (Aprue%, 2402'.022’7?7)

COHERENT . : ‘
H4 Csl, 2022 ! FIG. 4. Measurements of the flux-weighted CEVNS cross-

—4— | Ge, 2024 section occpvns. The measurement using Xe nuclei solar °B
: L neutrinos from this work is shown in black. The 90% CL up-
1 Ar 2021 per limit from XENONI1T [6] is shown in blue. The measure-
XENON ments with neutrinos from the SNS by the COHERENT col-
laboration using CsI [42] (red), Ar [4] (green) and Ge [43] (or-
ange) nuclei are also shown. For comparison, the SM predic-
Xe, 2021 tions are shown by vertical dashed lines, assuming the nuclear

To-39 038 form factors from [44].

Flux-weighted ocgyns [cm?]

|—0{—| Xe, 2024 (This Work)




Lngk& *DM sear&hes

See Eai.k:s btj S SE@\gei_ (ME’SA), Bcnwit (B"b)()

' NA64 ?ELlBl 2023

E787, 129497
|
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Vv '/
.“‘ 111010 1

NA&ZE boumds on dark Fho&om A

LDMX @SLAC 2203.0%192
LDMX Simulation

Dark Photon
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we Dark bremsstrahlung
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=== Meson

—— LDMXECAlE
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—— LDMX Phasel

= LDMX Phase2

Projected semsi&vi&:ﬁ

‘?@M&X—-éﬁj’édu. PRL 131(2023)

...... BuBur 2017 A ,’
N

’l'

m, [MeV/c?]

Bounds on dark mediator,

using Migdal effect



Indirect Dark Mabkter detection

Annihilakion or ciecaj:

Y=rays (diffuse, monochromatic Line), X--m:;s and radio, neubrinos,

antimatter, secarched as RARE COMPONENTS in cosmic rays (CRs):

antiprotons, positrons, antideubterons, antihelivum

DM annihilation/decay Primary channels Final products

DM / SM =W-,Zb, 7 ,t,h.. e¥, DV, T’f,}l,‘fv E
/ =
=
8
\ﬁ 3
y )
s AN 2 )

7/ N\
o A
7 \\‘

’ \‘\
DM - NSM =W%Z b, 7%, 1, h...

v ahnd vy keep diret&iav\at&j
Charged particles diffuse in the galactic halo
ASTROPHYSICS OF COSMIC RAYS




Sndipecd Jeng iR o

pravs produaed via inverse mep&ons saa&&erw\g (IL.S)
. c:wf e.i oﬂ Eke m&ars&ei.i.&r i.ugh& -
Crell, r-omaugm-om? 2023
Bounds on annihilating Dark Matter
low-energy y-ray . DM|l[)M—>rr*rr‘

hoton DM DM — -
|
DM DM — e*e”

T T TTTIIm

=
electron
dark matter
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DM mass mpy [MeV]

Strong bounds from XMM-Newbon X-ray data interpreted as
ICS photons from e~ coming from DM annihilation



Bc:ru,.v\cis ﬂfram 511 M@.\; i.w\e

| Tk@. 511 we.v’ v*ra:j Lme from the Gai.atht: bulge mdwa&es ete-
anhnkuiahom w&o yy via Posn&ro&\nuw\ Lia Eha LMEQT‘SE&LLQT’ mednum.

 Data from INTE’G‘RAL*S‘PI

T‘hesa prafjs tou.l.ci also aome %rom ‘DM ammkda&mm ,-
: . De La Torre +, AFOL 2024 Rt

xt—e*te~ , INTEGRAL (SPI) —-—- Vincent et al.

(ov) = 7.6 x 10~33cm3/s *}‘ -10.75 < b < 10.25
i Boehm et al.

my = 1MeV '
m, = 10MeV i ' --- No propagation
x 10 P

m, = 100MeV * +

X 3 x 102

m, = 1000MeV
x 3 x10%

—— SPI Long. XMM-Newton
--=- SPI Lat. —-— CMB

¢ 11y [107% cm™2 s71]

pPM = 0.4 GoVJem’” - NFW

longitude [deg]

(See also Cirelli+ PRD 2021)

Strong bounds on DM exPLahaEiom o\fé se&,'maiv\i.v bj INTEGRAL
longitude profile
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Am&praéons . CKs

Secondary CRs: via spallations of CRs own the interstellar medium

M. Boudaud+ PRD 2020 DL Mauro, Korsmeier, Cuoco PRD 2024

—|— AMS-02 (Gtot)
—— Baseline prediction
0 Total uncertainties

Secondary Fﬁbar flux is predicted consistent with AMS-02 data

Transport and cross seckion uncertainkies are compmabi&
A tiny dark makker conkribution cannot be excluded
Precise predic&ians are mamd&&orv

See also Feng, Tomassetti, Oliva 2016; Korsmeier, D, Di Maure PRD 201¥%, ReinertdEWinkler ICAP201%;
De La Torre Luquer ICAPRO24



Amhproﬁom produ&&am b:j tnelastic
sam%%@rw\gs

Korsmeier, ¥D, DL Mauro PRD 201¥%

doij (

I, T;, Tp). dQ o\)(T;, T, 0).

1nv

dT 47T nismMm J ¢2(T)

We need cross seckions ak <3%

LHCD Coll. PRL201Y¥,
Korsmeier, FD, DL Mauro, PRD 201¥%

See talle bv Davide Griordano



Possible contribution from dark matter

Cuoco, Korsmeier, Kraemer PRL 2017 Reinert & Winkler ICAPROLY

— Observed 95% CL

. Expected + 10

Expected + 20

== Thermal Relic
pbar/p AMS-02
Best Fit (¢ =0) :
Best Fit with 1o ,20 |}
-~ Tertiary :
DM

> R2.7 [m—ZSr—1 S—1 Gv1.7]

50 100 500 1000
mpn [GeV]

— Observed 95% CL

. Expected + 10

Expected + 20

-== Thermal Relic

500 1000 2000
mpm [CGeV]

-~ Limit dSphs bb, Akermann (2015)
—-- Limit dSphs bb, Albert (2016)

Antiproton data are so precise that permit
to set strong upper bounds on
the dark wmatter annihilation cross section,

— Limit CR bb with systematic uncertainty
I 1-30 bb DM detection

or to improve the fit w.rb. to the secondaries

3
10

o 6oV 4 alone adding a tine DM contribution




A matter of correlations

Heistg, Korsmeier, Winkler PRD20OR0O

Derivation of covariance makrix for systematic errors
(dominaked bfj p(bar)ﬁi &bsorp&on cross section)

B/C, p-bar fit

with DM

The sigmi&«t‘antﬁ:& for DM cirops below 1sigma



_Bgtm&, _Khalkoélfef, Kofsi’mveier,_"MQMCQP};,} .NLFF@._L JCAP '2_.:0423'

DIFF.BRK INJ.BRK

mpwMm [GeV mpwm [GGV]

New public tool to predict primary (DM) and secondary fluxes by neural networles,
marqginalizaiton over propagation parameters, with global fits interfaces
to theoretical models (from Lagrangian level).
Test on several particle physics models

No DM evidence in AMS-02 data, but strong po&en&iat



Antideuterons from relic WIMPS

FD, Forhenqo, Salati PRD 62 (2000)04-3003

In order for fusion to take place, the two
antinucleons must have low kinetic energy

Kinematics of spallation reactions prevents the formation
of very low antiprotons (antineutrons).
At vartance, dark matter annihilaktes almost ak rest

Backqground and DM have different kinematics and source spectra



Amhcieu%eroms pérsepr:&ves

7. Vo Doetinchem et al. ‘Phjs Rep. 2021

GAPS experiment is traveling now to Antarctica

—
<

AMS-02 an&ipra&ov\ daka

.p, Galprop (plaln dlff)
P, BESS-Polar |
p, BESS-Polar I

b, PAVELA Antideuteron predi{:&wms

P, AMS-02

éra,GA;PS?OdiprOi- {or DM model indicated bv
R F‘b"‘r AMS-02 daka

flux [(s m’sr GeV/n)|

5 proj 3G diser

Bands are for coalescence
uncertainty

14, yx— bb, 70GeV [l d, secondary [_]4d, tertiar

1 10
kinetic energy [GeV/n]

Downako+ PRD 200%; IbarragtWild PRD, ICAP 2013; Fornengo+ JCAP 2013;
TomassettigtOliva ApIL2017; Aramakir Phys. Rep. 2021



Antideuteron Ffﬁj@-ﬁ&@-cﬁ-sehﬂsn%%g% y

Sensitivity factor i— (®)a, 5., (SRS 'ex[verim‘eh’&@s'"_'*Sév\g;f&'iveﬁo' the DM signal
sens, Fexp § iR L e : S _ 3

xx — bb, AMS-02, INJ.BRK xx — bb, GAPS, INJ.BRK yx — bb, AMS-100, INJ.BRK
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Predictions ﬁompaELbLe with an&éprd&m\ data are close ko 1 for
present generﬁmm exgemmen&s

GAPS Experment is traveling to Antarctica right now



?erspecﬁves with antihelium

FD, Fornengo, Korsmeier, PRD 201¥%
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The Dark Matter signal is ways higher than secondaries

Below ~ 2 GreVin: cii,sacwer'j window

ew prﬁumma\rj evenks U AMS—02 axparameamﬁrs



Efmhamaemev\% of He-bar production

Winkler & Linden PRL 2021

Consider the production of SHe-bar through bar-Ap (anti udb) decays.

XX > bb my = 67 GeV
D

B prompt - levent/ (10 GeV/n)

O Kb decay

T —— AMS-02 (10yr)
—— Pythia
Pythia prompt
—— Pythia A,-tune
--= Herwig
Herwig+EvtGen

>
(O]
O
N~
((e]
I
>
£

T-®5 [m'2 s'lsr'l]

0.50
T [GeV/n] T [GeV/n]

Production of anti-helium is strikingly enhanced ot few GreyV,
Strong dependence on MC - Pythia, Herwiqg - tuhing

Kachelries, Ostapchenko & Tjemsland 210500799 a skrong criticism is raised.,

The Pythia tune by WL21 affects all processes nvolving baryon and
mesol production



| QQSM’&S ﬁf\‘Om LHCD measurements .

. LHCb Coll. ot ICHEP2024, LHCh-CONF-2024-005

LHCb 5.5 fb~" limits at 90% CL
== WL “A{ tune”
WL “HerwiG + EvtGen”
=+ Pyraia & “custom (d, p) — *Hey”

B(A? — 3Hepp) < 1.9 x 1077 at 90% CL,
B(A? — *HeppX) < 1.6 x 107° at 90% CL,

=
C
=
Q
S
=
on
g
=
QO
=
<
Lol
[aa)

B(AY — 3HepX) < 3.6 x 107° at 90% CL.

LHCb preliminary

A) - Hepp A) - ‘HeppX A) - HepX A)— ‘HeX
(extrapolation)

LHCb sets strong upper bounds on A Branching ratios
Enhancement, if any, is small



T k@. G@;\f @.x&ess a& %ke Gataa&w cén&er

Goodenough+’69\!t,&a£e+’0‘) Abaz.cx Javu—‘i’(Z“D 12 Hoopew—‘?bo’ 13 "DajLanﬁ-?DU' 16, L.ai.ore+3L.A?' 15 CholisrICAP" 18,
L.aLare.+‘FfZ“D' 15 A Jatto+201$ Lmdew-?réD' 16, Ackarmanm—Ap‘J' 17, §°O+PQP€T5

POMV\d wu&h Eempl.o&e nf:,&&:.&\g (L.atore+3c..A‘P2ols), a&ap&w& &emyi&&e {c&h@«g

- (Storms+ 2017), wmgk&ed LLHELLP&OOG’& (m Mauro ?fz‘bzozn. Abdc:i.tah:. A:‘)‘SZOZO) F’k(}&o&\ COM&\&S

s&ahs&ws (1p?1>;= L.ai.ore, t-1>+ ‘P(ZL2021 N'FTF‘ Lee+zc>1&), matzhnme i&&rhnﬂg (LLSE+‘FRL20 Mishra-
DLA?Skarma+‘PfZBZl Larov\+22), mavete& ET‘&MS-{O?MS (Bar&dw?ﬁl.lb)

Hooper & Slatyer 2013
4 Gordon & Macias 2013
i Calore et al. 2015
® Daylan etal. 2016
4 ¢ Abazajian et al. 2014
B Ajelloetal.2016

.

No matter the method, the GC excess is statistically significant

Murgla AR 2020
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T‘ke Gé\f e.x&ess o& er Gai&&%w &ev&er (GL.E')

| . ‘Possubie. expi.ana&mny i |
ciocrkf mo&&ev ammhda&mm amd/or Fom& sourae_s (MS‘Ps)

Mufgi;o\‘)‘\fa t2-,020 & : _L.ql.-ore‘.,. P."D, Manconi PRL 20:21,;?1’213 RO24

— SkyFACT modA ! 4FGL w/o flag

NGC 6266
Official P8 modB I 4FGL

47 Tuc
— Terzan 5
—— All MSPs

1071

Dark matter
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Inner Galaxy,|b| > 2°

Poink sources (MSP) ex!ai.aim the mo—rphoi.ogj of the GCE

Galactic diffuse emission MISMODELING is a ma jor issue



 The search fwm s wide and diverse

o ffa\r no sng%u{n&avx& ev:,ciem::e ~att, Pu&a&wa excesses
kava beem mﬁarpreﬁed as du,e. to (&hev\) wmowv\ sources

E’ﬁa—r&s must be pursued ot accelerators, in space,
on the ground, deep underground. difficult to ﬂf:,gu,re ouk
a sugmai L oma ckanmat only



_- CRs in the Galaxy

FRAGMENTATION

Dark Matker

CR secondaries
- covnsxra'\n ?ro‘:qao\ioh

S conslrawn halo $\2€

Court
esy of M. Korsmeler




Antimatter or y-rays sources from
 DARK MATTER

Annihilation

Detaj

p DM density in the halo of the MW
My, DM mass
<ov> thermally averaged annthilation cross section in SM channel £

I DM decay time
e+, e- enerqy spectrum generated Ua a single annihilation or decay event

Annihilations take place in the whole diffusive halo



Possible origin of anti-helium:

anti-clouds, anti-stars

10°
10°
10~2

104 -
100°% 1073 10012 1071t 10710 10°°

n=np/ny

FIG. 4. Abundance of H, D and 4He with respect to that
of 3He as a function of the (anti-)baryon-to-photon ratio 7.
The Planck value is represented by the grey band. The value

required by the AMS-02 experiment is shown by the orange
band.

V. Poulin ek al. PRD 2019

Anti-clouds: require anisotropic BBN
for the right 3He/4He
AMS-02 measures are local, Planck’
ones averaged over the Universe

Exotic mechanism for seqreqation of
anti-clouds is needed
Traces in p-bar and D-bar

One anti-star could malke the job.
How did they survive?



AMS-02 am&ipra&ams wrt Fermi-LAT &GCE
| DL Maure & Winkler PRD 2021

DM candidake Fmssi,bij éxptaimims the GCE itn Fermi-LAT daka

The pbar data are compatible with DM/GCE
Tension is with magnetic halo size L: here L< 1.7 kpc, 573 kpe from
Be/B and °Be/Be L> 2 kpc from e+ at low energy



Pro F&aga&om equation

diffusion en. losses source spectrum
Diffusion: D(x,R) a priori
usually assumed isotropic in the Galaxy: D “DoRO
Do and & usually fixed by B/C

Energy Losses: Nuclei: ionisation, Coulomb
Leptons: Synchrotron on the galactic BY3.6 u&
Inverse Compton on photon flelds (stellar, CMB, UV, IR)

Sources: Superiova Remnants, QE) - £
Nuclear fragmentation, Qi (E) - nism 0y U
*x Dark Matter annihilation or cie.t:aj



Axion and Axion-Like particles (ALPS)

Axmms amswer %o Sﬁanclard, Mcdet Frobi.em o»f the smaLLmess of CP
e vmiahan in QCD. Im&eraa&mms wc&h Pko&m\s

(0,0 a0 e, 02,
agamon = 5 fa 87TG'MVG”V+628 W W +Cl
oua
+ f [cH(HTzD H) +Z:cZ ¢m¢,)+hc]

1 ~ —» —
L= Zga,waF,wF,w = —goyyaE - B

Cajohare AxionLimits
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