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[1] LSS Image: Galaxies in the local universe as seen by Sloan Digital Sky Survey



Darlk Matier in a nuishell

Mass scale of dark matter
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[1] Image: TASI Lectures on Dark Matter models - 2019



‘The WIMP ‘Miracle

* Thermal freeze-out relies only on one IR parameter
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‘Minimoal Darle Mattier

The Prototypical WIMP

y=1,12| ;SUQ)gw and Y

n -+
Requirement: Embedding the y,componentina EWrep. - Q=T;+7Y, T;= diag( 5 i>

Q Real EW rep. with Y=0 and odd n

] ) WIMP Classification
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e Complex EW rep. with arbitrarynand Y = + ( 5
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[1] Minimal Dark Matter: arXiv:hep-ph/0512090
[2] Cosmology and Astrophysics of Minimal Dark Matter: arXiv:hep-ph/0706.4071

[3] Minimal Dark Matter: Model and results: arXiv:hep-ph/0903.3381



‘Minimoal Darle Mattier

The Prototypical WIMP
4

~
A1 - No tree-level coupling with Z-boson — Y=0
el 1 C> A2 SU (2)EW and Y - For n > 5 multiplets DM stability comes from
)(. : an accidental Z, symmetry. y
n

n+1
Requirement: Embedding the y, componentina/WNrep. - Q=T;+7Y, T;= diag( 5 i>
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We focus on the smallest accidentally
stable MDM multiplet: the Majorana S-plet

G Neutral under EM. DM candidate is

e DM Stability. For such multiplets y, is automatically the lightest

a No coupling to Z-boson. Y=-0 and odd n

DM physics is fully predicted !




‘Thermal freeze-out

~ DM abundance is fully controlled by the annihilation cross section
g52n* + 17n* - 19)
256mg, M

~The tree-level cross-section: ov,; =

~However this is inaccurate — Non perturbative and Non-relativistic effects modify the cross section

Sommerferld Enhancement

e 0.6
M, = 137509 ey

Bound State Formation
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[1] NLO electroweak potentials for minimal dark matter and beyond: arXiv:hep-ph/2108.07285
[2] The Sommerfeld enhancement at NLO and the dark matter unitarity bound: arXiv:hep-ph/2305.01680



S8 and ‘BSF

G Sommerfeld Y O){ LS veve

v K
~ ong €an receive large non-perturbative corrections (low vel. Enhanced) *
0 =15 O, SH
~ Long Range effects modify the DM wave function of the 2-body DM-DM initial state y/(r) = u(r)/\/4xr

2
< I/t( OO) 2nal Vel Not so easy...
i 1(0) T Py broken phase, NLO corrections, ecc...

e BsF 'y — V¢ BS

~The same long-range potential is also responsible for BSF. 'y
g  Ep ~ 80 GeV
< BS annihilation witharateI',  ~ aZSM)( into SM particles (ff and HH*) x
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[1] Non-relativistic pair annihilation of nearly mass degenerate neutralinos and charginos Ill. Computation of the Sommerfeld enhancements: arXiv:hep-ph/1411.6924
[2] Capture and Decay of Electroweak WIMPonium: arXiv:hep-ph/1610.07617



‘Detection Strategies

G Direct Detection

~ EW multiplets within the reach of
next generation experiments

e Collider searches

~ Will probe small multiplets in the

future. A final word from a future

Indirect Detection

~Can already offer valuable information!
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Mono-W reach — Majorana 5-plet
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‘Typical y-ray flux

Ao =”®<P@) " dS(ﬂDM(S)>2(Z<Gv> dN(f)>
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E2420 ) dE> Series of y-ray lines — Continuum: Decay and hadronization
v v Continuum 5 rrayline of heavy EW gauge bosons

S

<~ y-ray line: SE boost the loop-induce

annihilation into yy and yZ

~ Series of y-ray lines: Due to BSF

~ 100 GeV
SMOKING GUN: Heavy EW multiplets are like atoms emitting in y-rays
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Choice of the ‘Targets
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~ DM dominated targets ~ Large velocity dispersion —

enhanced BSF
— Possibly large DM signals

— More robust predictions 107>

for the DM density profile. 10-25
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< But... Small velocity dispersion — Large baryonic density (more

0=

— BSF is suppressed foreground, uncertain DM profile)
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[1] Indirect detection probes of Minimal Dark Matter 5-plet: arXiv:hep-ph/2506.xxxx
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Annihilation cross sections
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~ We use the diffuse y-ray data from MW halo as measured by FERMI A %

MDM - Splet

~We put constraints on k parameter (cv) — k{oV)
— We adopt two strategies: 20

1. Line-like searches: when BSF dominates (at the left-edges of the

thermal mass window) < 157

2. Continuum-like searches: when SE dominates (moving to the

right edge) 10 penemmrtacsacamgnrssnascs

— We focus on the Rol 16 and Rol 41 in order to reduce
uncertainties in the DM profile

ISO-ROI41

Einasto—

ISO-ROI16

ROI16 -

Exclusion @ 95% CL ]

Changes of the DM profile can still mitigate the exclusion L g s ene e

M, [TeV]
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[1] Indirect detection probes of Minimal Dark Matter 5-plet: arXiv:hep-ph/2506.xxxx
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Cerenkov ‘Telescop
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~ CTA is maximally sensitive to y-rays at the multi-TeV energy scale

— We compute the CTA sensitivity towards the clean environments 10

— Sensitivity to high energy spectral features

MDM = 13.7 TeV

_'Two Dwarf selections:

10°

T obs [h]

~1)Classical-Dwarf: DRACO very clean and characterized by a

CURRRLLL
1
|
/

relative large J-factor

~2) URSA-Majorll large J-factor but fewer stellar tracers

T s = 350 hours 20

MDM [TCV]
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Conclusions

- Minimal Dark Matter is the prototype model of WIMP:

— huge predictivity, few parameters

- Dark Matter as a WIMP remains one of the main motivation for NP
at the multi-TeV scale

Take Home Message:

- 3-plet shows smoking-gun signatures for the ID

- Present data on the galactic diffuse can already place stringent constraints on the
MDM 5-plet, particularly on the continuum from BSF
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. C'TA will be able to probe the model in the next decades by pointing the detectors
towards dSphs (Few hour needed!)
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DM spin

EW n-plet

otate of the Arvt
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2.86 = 0.01
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‘Real WI'MPs
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Majorana Fermion

Real Scalar




S8 and ‘BSF

G Sommerfeld Y O){ LS veve

1{ o}
~ ong €an receive large non-perturbative corrections (low vel. Enhanced) ly m
c—> S0 x SH

pert

— Relevant for cosmology and indirect detection where DM is non-relativistic

~ DM couples to a mediator particle with M, < M, — The interaction is long range

~ Long Range effects modify the DM wave function of the 2-body DM-DM initial state y(r) = u(r)/\/4xr

3 3 In the unbroken regime and for a Coulomb like potential2 Vi= = alr Not so easy...
3 _“”/M)( — auldnr = Eu G (o) - 270 Ve 51) broken phase
u(0) | Sleyi 2) NLO corrections

b u/(co)/u(co) = iMv,y/2
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[1] Minimal Dark Matter: arXiv:hep-ph/0512090



S8 and ‘BSF

e BSF Y > v BS

— The same long-range potential is also responsible for BSF.

~ At leading order the capture occurs via y;y; = V* + BSF
< In the electric dipole approx AL = 1and AS =0, Ez ~ a22M)(

~The dominant SBF channel consists in p — s transitions with .S = 1 and principal quantum number 1(7lBS)3

~Once formed they annihilate with arate I, ~ aZSM)( into SM particles (ff and HH*)

51\4 O / Fann & agM)(
1 / rd@c & oc2 & (an)l’S — VeCtOrS
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From the Milky Way

dN
[GeV~!]

" dE,

E2

R - o

10°

104

e R S e ——— R

Somm. + BS

L=1073

AdL L g1 =Ndpy

10°

104

E,[GeV]

‘From DM to Cosmic ‘Rays

e
1 rm 1 rrrrr

10°

[GeV™!]

p AN
" dE,

104

|
|
|
|
|
|
|
|
|

New Frontiers in Theoretical Physics| 2025

[1] Indirect detection probes of Minimal Dark Matter 5-plet: arXiv:hep-ph/2506.xxxx
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Current Constraints
Fermi-LAT: £, ~ O(100 GeV)

- —— Bkg+signal
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: : : 50
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on the 5-plet Dy Pieascne :
= 10 s Z 10
- We focus on the Rol 16 and Rol 41 S

- Exploiting the interplay of BSF
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Current Constraints

Fermi-LAT: £, ~ O(100 GeV)
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Changes of the DM profile can still mitigate the exclusion

New Frontiers in Theoretical Physics| 2025 =————————
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‘Fuiure Constirainis

Cerenkov Telescope Array (CTA): L
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~ O(10 TeV)

- The forthcommg CTA w1ll exp‘ ore the multi-TeV range with unprecedented resolution
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‘Fuiure Constirainis

Cerenkov Telescope Array (CTA): £, ~ O(10 TeV)

10° EUMajlT (95% CL)| =~
NLL —
£ (k) — I I max;[ 2. (k) X a8 -
ys 1 ; A
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: >
S = Z(log,oJ|1ognJ 1 e 1) £ 10
10 210 Y obs> Ol . s A
In(10)J ¢ e :
Extract the upper limit Tops = 350 hours  10°
on the observation time \
(Including systematic error on the J-factor!) T
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