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Introduction/context

* DM general properties:
* ~25% of all the energy/matter; ~85% of all the matter
* Non-baryonic and electrically neutral = so far, only gravitational effects observed
* Cold — seed of structures, we know where it accumulates

* Stable (on cosmological scales) = we know how much there is

* WIMPs:
* Thermal relic — interacts (weakly) with regular matter
* Mass ~TeV — SM particles in the GeV-TeV regime expected from DM annihilation/decay

* Annihilation cross section <ov> ~ 3x10-26 cm3/s — relic density — reference for expected SM signal intensities

* ~20 years of observations by current generation of high-energy gamma-ray instruments:
* All try to measure/constrain the same fundamental quantities (DM mass, interaction cross section...)
* Published results cannot be trivially combined
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Indirect dark matter detection

4 )

* Search the extra-terrestrial fluxes of SM particles DM SM: b. W*. 7. ¢+ .
>.< - , , , S Hadronization, Fmal States

for spectral and spatial signatures of dark matter Primary channels decay, radiation .
— Y, €5 P+, V
DM SM:b, W, Z, T, ...

J

* Spectral features:
* Separation from background

* Mass, cross-section / lifetime

* Spatial features

* Coarse and energy-dependent for charged final

* HE Messengers states

* Gamma-rays or neutrinos do not suffer from

* Gamma-rays
Y propagation effects:

+ Exploit spatial features known from N-body
simulations and measurements

* Neutrinos

* Electron/positrons
+ (Can determine DM abundance and distribution in

* Anti-matter the Universe
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DM [annihilation] gamma-ray flux
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DM [annihilation] gamma-ray flux
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DM [annihilation] gamma-ray flux

DM | .
NS \’
PN ~
o, \
A |
7
1 0- “‘ / ‘O‘.‘"‘ '.; 44
O i R ot 2,
7 /7 /{‘

0' . ..
*a
1 7 7 ., .2
1 y 7 . . . *
7 7 ot . H
— 7 o [ ° H
. . ° H
g 7 o . K H
— . . [
¢ / o PR . '
H
o s R . S o1
4 R . [
oy . . . '
| . . 4 . .
. .

/. MM = 10 GeV % | |
1072 107! 10° 101 102 10° 10* 10°
E [GeV]

eV]

EZ dN/dE [(

/0

Space Telescope
v

) EXCELENCIA <

<« SEVERO . Py -
ﬂ . Rico — ICRC 2026 4 ‘> ermi NG NN
OCHOA J. Ri CRC Gomrory C H.E.SQ.S.Q




DM [annihilation] gamma-ray flux
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DM [annihilation] gamma-ray flux
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Observational targets

Dwarf spheroidal galaxies Draco

Gravitationally bound ~ spherical group of stars

N
o

Low luminosity ~ 102— 106 Lo
Mass ~107 Mo

Very low gas/dust content — “primordial”
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amma-ray detection

Incoming gamma ray

L Incoming gamma ray

Collision with atmospheric
nucleus

Extensive Air Shower

\ / ‘
Y | Particles from air shower penetrate
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/[\— Conversion to e+e- pair

particle detectors, interact and are
detected

PARTICLE
DETECTOR ARRAY
SATELLITE

TRACKER + CALORIMETER

Key features
Duty cycle
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Energy resolution

Not to scale
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Instruments

HESS

Fermi-LAT

> -
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* 5 Collaborations
* ~600 authors
* 120 research institutions
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Rico, Galaxies 8 (2020) 25

Wide energy coverage
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Observations

10 years 1038 days

| Fermi-LAT | HAWC | H.E.S.S., MAGIC, VERITAS
Source name | Exposure (10! s cm?) I IAg| (°) | [ACTs Zenith (°) Time exposure (h) Energy range (TeV) 6o (°) T S (o)
Bootes 1 2.6 4.5 VERITAS 15— 30 14.0 0.10 — 41 0.17 86 —1.0
Canes Venatici I 2.9 14.6 — — — — — — —
Canes Venatici 11 2.9 15.3 — — — — — — —
Carina 3.1 — H.E.S.S. 27 — 46 23.7 0.31 — 70 0.10 18.0 —-0.3
_ _(;o;n;_B_e;e;li_ce_s_ I ______ ;; ______ I ) _4_9_ ) ] H.ES.S. 47—-49 114 055—-70 0.10 144 —-04
MAGIC 5— 37 49.5 0.06 — 10 0.17 1.0 0.8
_____ D_ F;C_O"" """éé""" "32;1_ - MAGIC 29—-45 521 0.07—-10 022 10 -0.7
VERITAS 25— 40 49.8 0.12 — 70 0.17 90 -—1.0
~ Fornax | 207 | — | HESSs.  11-25 68  023-70 0.10 455 —1.5
Hercules 2.8 6.3 — — — — — — —
Leo I 2.9 6.7 — — — — — — —
Leo 11 2.6 3.1 — — — — — — —
Leo IV 2.4 19.5 — — — — — — —
Leo V 2.4 — — — — — — — —
Leo T 2.6 — — — — — — — —
Sculptor 2.7 — H.E.S.S. 10 — 46 11.8 0.20 — 70 0.10 19.8 —2.2
Seguell ______ ;g ______ IQ.Q]MAGICB—S? _______ 1580  006—10 0.12 1.0 -0.5
VERITAS 15— 35 92.0 0.08 — 50 0.17 7.6 0.7
- Segue2 | o7 1 -1 - - - - - - =
Sextans 2.4 20.6 — — — — — — —
Ursa Major 1 3.4 32.9 — — — — — — —
Ursa Major I1 4.0 44.1 MAGIC 35 — 45 94.8 0.12 — 10 0.30 1.0 -—-2.1
Ursa Minor 4.1 — VERITAS 35— 45 60.4 0.16 — 93 0.17 84 —0.1
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Likellhood analysis

¥ | Fix <ov>, mpm and N
de dédt

annihilation channel

Mo E M~ E

DM y flux vs E ® Instrument response DM y rate vs E
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Likellhood analysis

d | Fix <ov>, mpm and N |
4€ | annihilation channel dédt
j—
Mo E Mo é Moo é
DM y flux vs E ® Instrument response DM y rate vs E x Obs time; binning DM y events vs E
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Likelihood analysis

X | Fix <ov>, mpwm and %'_\L N
4€ | annihilation channel dEdt

Man E My~ E Mpn =

DM y flux vs E ® Instrument response _ x Obs time; binning _
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Likelihood analysis

X | Fix <ov>, mpwm and AN N
4€ | annihilation channel dEd

Mo E Mpn E Mpn E
DM y flux vs E ® Instrument response _ x Obs time; binning _
N
5
Mo é
+yDM Expected signal+background
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Likelihood analysis

N

¥ | Fix <ov>, mpm and
annihilation channel

de

=)

A

A

Mo E My~ E M
DMyfluxvsE  © Instrument response DMy ratevsE  x Obs time; binning DM y events vs E

Comparison with data
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de

Fix <ov>, mpm and

annihilation channel

Likelihood analysis

=)

A

DM y flux vs E

Mo

E Mpn E Mo
® Instrument response _ x Obs time; binning _

Comparison with data
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Combined likelihood

gSeguel,LAT«GV) JS; bSL ‘ @SL)
X Zseouet Macic{oV) Jg; Doy | D)

X gSeguel,HAWC«GV) JS; bSHa | g%SHa)

Profile background uncertainties
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Combined likelihood

gSeguel,LAT«GV) JS; bSL ‘ @SL)
X ZLsequet MAGIC{OV) Jgi Dop | D) X FLgegue1(Us)

X gSeguel,HAWC«GV) JS; bSHa | g%SHa)

Profile background uncertainties Profile J uncertainties

) EXCELENCIA
SEVERO

( SEVERO J. Rico — ICRC 2026 11




Combined likelihood
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Profile background uncertainties Profile J uncertainties
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Combined likelihood

gSeguel,LAT«GV) JS; bSL ‘ @SL)

X Z Seguel,MAGIc«G W Igbsm| Dsy) X Z Seguel(JS) g
X gSeguel,HAWC«GV) JS; bSHa | g%SHa) E— ( < GV > )

Profile background uncertainties Profile J uncertainties
L onniar((o¥) I bt | Dor) | Power of combination: B
e L Ox N N Instrument 1 w/o | nuisance -
X Lumanuawc({0V) Ty bupa| Do) X Lyan(Jy) T e o) nusanc :’ "'
X Zumarverimas(0V) s oy | Duy) i ¥
= Combination w/ ] nuisance .
. : S ¥/ A N
° ° 2.71 (95% C.L.) I,
e N ~I
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gLike

* ROOT-based code for generic maximum likelihood analysis

* Basic features:
* One free parameter + arbitrary number of nuisance parameters
* Two main classes:
+ Lk1 (abstract): Likelihood computation, maximization and profiling of nuisance parameters

+ JointLkl: Joint likelihood computation (multiplies Lk1 terms + inherits from Lkl — recursive);
conversion of common free parameter to particular observables

This enables full modularity, allowing:
+ Arbitrarily complex likelihood computation method (from LUT to full data analysis)

+ Arbitrarily complex likelihood nesting schemes (including of nuisance parameters)

* Publicly available and documented at gitHub (developers) and Zenodo (stable releases)

https://github.com/javierrico/gLike
Lo Yonge &
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https://github.com/javierrico/gLike

Results (1/2)
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* Scanned WIMP mass between 5 GeV and 100 TeV
* Annihilation channels: bb, tt, W"W", ZZ, ete-, utu-, v

* Two different J-factor parameterizations
* Median, 68% and 95% containment expected values/regions from simulations/measurements of no-signal regions
* No positive signal for any dSph individually or altogether — upper limits to cross-section
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Results (2/2)
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* Scanned WIMP mass between 5 GeV and 100 TeV
* Annihilation channels: bb, tt, W"W", ZZ, ete-, utu-, v

* Two different J-factor parameterizations
* Median, 68% and 95% containment expected values/regions from simulations/measurements of no-signal regions
* No positive signal for any dSph individually or altogether — upper limits to cross-section
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Concluding remarks

* Publication finally out [Abdollahi et al. JCAP 03 (2026) 035] after 8 years of work!

* Relevance of the results:
* Search spans a wide WIMP mass range
* More constraining limits: factor 2-3 improvement wrt best limits in the overlapping region
* More robust limits: independent uncertainties tend to balance
* Uncertainty from J-factor determination dominates: effect gauged using two independent computations

* Legacy result from the current generation of gamma-ray instrument

* Relevance of developed methodology:

* Can be used to extend the DM search to multi-messenger context adding neutrino observations (relatively
trivial)

* Broader potential in gamma-ray astronomy (e.g. axion searches, Lorentz Invariance tests, ...), and beyond

* Byproduct: gLike public software ready to be used in these scenarios

* Remaining bottle-neck: overhead of coordinating five international collaborations
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