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Dark Matter



Neutrinos From: 

JHEP 02, 071 (2021), 
P.F. de Salas, D.V. Forero, 
S. Gariazzo, 
P. Martínez-Miravé, 
O. Mena, C.A. Ternes, 
M. Tórtola, J.W.F. Valle.
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Particles from Space



Scotogenic Model Due to E. Ma, Phys. Rev D 73, 077301 (2006).

Based on J. Phys. G 49, 6, 065001 (2022), in collaboration with Ivania Maturana-Avila 
and Giovanna Cottin.
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1.- Neutrino Masses (1 loop  small) 
2.- Dark Matter (DM)

⇒

- DM: Real part of  (scalar DM) 
- Look for long lived particles

η



Relic Density Comparison of the relic density of DM 
in the Scotogenic model (top), with the 
Inert Higgs Doublet model (bottom). 

The IHDM limit of about 500 GeV is  
reduced to about 300 GeV.

Constraints. 
- Theoretical:  is the lightest (at tree 
level), potential bounded from below, 
perturbativity. 
- Experimental: Neutrino masses and  
oscillations, electroweak precision,  
LFV, colliders, DM.
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Neutrinos



Direct and Indirect Detection

-) Direct searches. 
-) nucleon spin independent 
elastic scattering cross section. 
-) Grey: XENON1T. 
-) Blue points: satisfy the totality of 
the relic density (300 to 700 GeV). 
-) Orange points satisfy it partially.

ηR−

-) Indirect searches. 
-) DM annihilation cross section. 
-) Grey points are excluded. 
-) Blue points satisfy the total relic 
density. 
-) Orange points satisfy it partially. 



Long Lived N1
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 can be long-lived, but its production cross section is small.N1



Long Lived η±
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 can be long-lived, and its production cross section is large.η±
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All-electron Flux
Between 10 and 30 GeV: 
Between 30 GeV and cutoff:

E−3.25

E−3.1

E−3.15
(DAMPE, Fermi-LAT)
(AMS-02, CALET)

From P. Mertsch, arXiv:2211.14930
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Alpha Magnetic Spectrometer (AMS-02)



Latest results from AMS-02

Significant excess starting from 25.2 1.8 GeV, with a sharp drop above  GeV 
[Z. Weng, PoS 045, ICHEP2020 (2020)]. Antiproton flux has a similar behavior.

± 284+91
−64

AMS-02 can differentiate 
between electrons and  
positrons, but CALET and 
DAMPE do not.



Latest Results on Electrons and Positrons from AMS

Rise on positron flux persists 
withtime [Z. Weng, PoS 045, 
ICHEP2020 (2020)].

Positron flux measured by AMS-02 
[J. Bedugo, PoS 016, ICRC2021 
(2021)] compared to GALPROP 
prediction for cosmic rays.



Supersymmetry
1.- R-Parity (Rp) Conserving:

a.- Dark Matter (DM) candidate: neutralino

b.- Superpotential:
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uĤb

d + he
ijĤ
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2.- R-Parity Violating:

a.- Dark Matter candidate: gravitino

b.- Superpotential:
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Model Signature
∫
L dt [fb−1] Mass limit Reference
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q̃q̃, q̃→qχ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)<400 GeV 2010.142931.85q̃ [1×, 8× Degen.] 1.0q̃ [1×, 8× Degen.]

mono-jet 1-3 jets Emiss
T 139 m(q̃)-m(χ̃

0
1)=5 GeV 2102.108740.9q̃ [8× Degen.]

g̃g̃, g̃→qq̄χ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)=0 GeV 2010.142932.3g̃

m(χ̃
0
1)=1000 GeV 2010.142931.15-1.95g̃̃g Forbidden

g̃g̃, g̃→qq̄Wχ̃
0
1

1 e, µ 2-6 jets 139 m(χ̃
0
1)<600 GeV 2101.016292.2g̃

g̃g̃, g̃→qq̄("")χ̃
0
1

ee, µµ 2 jets Emiss
T 139 m(χ̃

0
1)<700 GeV CERN-EP-2022-0142.2g̃

g̃g̃, g̃→qqWZχ̃
0
1

0 e, µ 7-11 jets Emiss
T 139 m(χ̃

0
1) <600 GeV 2008.060321.97g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=200 GeV 1909.084571.15g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Emiss
T 79.8 m(χ̃

0
1)<200 GeV ATLAS-CONF-2018-0412.25g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=300 GeV 1909.084571.25g̃

b̃1b̃1 0 e, µ 2 b Emiss
T 139 m(χ̃

0
1)<400 GeV 2101.125271.255b̃1

10 GeV<∆m(b̃1,χ̃
0
1)<20 GeV 2101.125270.68b̃1

b̃1b̃1, b̃1→bχ̃
0
2 → bhχ̃

0
1

0 e, µ 6 b Emiss
T 139 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=100 GeV 1908.031220.23-1.35b̃1b̃1 Forbidden

2 τ 2 b Emiss
T 139 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=0 GeV 2103.081890.13-0.85b̃1b̃1

t̃1 t̃1, t̃1→tχ̃
0
1

0-1 e, µ ≥ 1 jet Emiss
T 139 m(χ̃

0
1)=1 GeV 2004.14060,2012.037991.25t̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1

1 e, µ 3 jets/1 b Emiss
T 139 m(χ̃

0
1)=500 GeV 2012.037990.65t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1-2 τ 2 jets/1 b Emiss
T 139 m(τ̃1)=800 GeV 2108.076651.4t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→cχ̃
0
1 / c̃c̃, c̃→cχ̃

0
1

0 e, µ 2 c Emiss
T 36.1 m(χ̃

0
1)=0 GeV 1805.016490.85c̃

0 e, µ mono-jet Emiss
T 139 m(t̃1,c̃)-m(χ̃

0
1)=5 GeV 2102.108740.55t̃1

t̃1 t̃1, t̃1→tχ̃
0
2, χ̃

0
2→Z/hχ̃

0
1

1-2 e, µ 1-4 b Emiss
T 139 m(χ̃

0
2)=500 GeV 2006.058800.067-1.18t̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ 1 b Emiss
T 139 m(χ̃

0
1)=360 GeV, m(t̃1)-m(χ̃

0
1)= 40 GeV 2006.058800.86t̃2t̃2 Forbidden

χ̃±
1
χ̃0

2 via WZ Multiple "/jets Emiss
T 139 m(χ̃

0
1)=0, wino-bino 2106.01676, 2108.075860.96χ̃±

1 /χ̃
0

2
ee, µµ ≥ 1 jet Emiss

T 139 m(χ̃
±
1 )-m(χ̃

0
1 )=5 GeV, wino-bino 1911.126060.205χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃∓

1 via WW 2 e, µ Emiss
T 139 m(χ̃

0
1)=0, wino-bino 1908.082150.42χ̃±

1

χ̃±
1
χ̃0

2 via Wh Multiple "/jets Emiss
T 139 m(χ̃

0
1)=70 GeV, wino-bino 2004.10894, 2108.075861.06χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2 Forbidden
χ̃±

1
χ̃∓

1 via "̃L/ν̃ 2 e, µ Emiss
T 139 m("̃,ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1908.082151.0χ̃±

1

τ̃τ̃, τ̃→τχ̃
0
1 2 τ Emiss

T 139 m(χ̃
0
1)=0 1911.066600.12-0.39τ̃ [τ̃L, τ̃R,L] 0.16-0.3τ̃ [τ̃L, τ̃R,L]

"̃L,R "̃L,R, "̃→"χ̃
0
1

2 e, µ 0 jets Emiss
T 139 m(χ̃

0
1)=0 1908.082150.7#̃

ee, µµ ≥ 1 jet Emiss
T 139 m("̃)-m(χ̃

0
1)=10 GeV 1911.126060.256#̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 36.1 BR(χ̃

0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 jets Emiss
T 139 BR(χ̃

0
1 → ZG̃)=1 2103.116840.55H̃

0 e, µ ≥ 2 large jets Emiss
T 139 BR(χ̃

0
1 → ZG̃)=1 2108.075860.45-0.93H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Emiss

T 139 Pure Wino 2201.024720.66χ̃±
1

Pure higgsino 2201.024720.21χ̃±
1

Stable g̃ R-hadron pixel dE/dx Emiss
T 139 CERN-EP-2022-0292.05g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

pixel dE/dx Emiss
T 139 m(χ̃

0
1)=100 GeV CERN-EP-2022-0292.2g̃ [τ( g̃) =10 ns]

"̃"̃, "̃→"G̃ Displ. lep Emiss
T 139 τ("̃) = 0.1 ns 2011.078120.7ẽ, µ̃

τ("̃) = 0.1 ns 2011.078120.34τ̃
pixel dE/dx Emiss

T 139 τ("̃) = 10 ns CERN-EP-2022-0290.36τ̃

χ̃±
1
χ̃∓

1 /χ̃
0
1 , χ̃

±
1→Z"→""" 3 e, µ 139 Pure Wino 2011.105431.05χ̃∓

1 /χ̃
0

1 [BR(Zτ)=1, BR(Ze)=1] 0.625χ̃∓
1 /χ̃

0

1 [BR(Zτ)=1, BR(Ze)=1]

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Z""""νν 4 e, µ 0 jets Emiss

T 139 m(χ̃
0
1)=200 GeV 2103.116841.55χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.95χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 4-5 large jets 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05t̃ [λ′′

323
=2e-4, 1e-2] 0.55t̃ [λ′′

323
=2e-4, 1e-2]

t̃t̃, t̃→bχ̃
±
1 , χ̃

±
1 → bbs ≥ 4b 139 m(χ̃

±
1 )=500 GeV 2010.010150.95t̃̃t Forbidden

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→q" 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 2003.119561.6t̃1 [1e-10< λ′
23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9]

χ̃±
1 /χ̃

0
2/χ̃

0
1, χ̃0

1,2
→tbs, χ̃

+

1→bbs 1-2 e, µ ≥6 jets 139 Pure higgsino 2106.096090.2-0.32χ̃0

1

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
March 2022

ATLAS Preliminary
√

s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

Latest Results for ATLAS Susy Searches



BRpV Only

Based on Phys. Dark Univ. 11, 1 (2016), in collaboration with E. Carquin, G. Gómez-
Vargas, B. Panes, and N. Viaux.
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Gravitino signal, MED, BRs in prop. 2:1:1

Explains the rise and drop of the positrons flux, but emits too many photons. That is, 
the galaxy would be too bright.



α1 = B(G̃ → e−e+ν) + B(G̃ → e−μ+ν) + B(G̃ → e−τ+ν)
α2 = B(G̃ → μ−e+ν) + B(G̃ → μ−μ+ν) + B(G̃ → μ−τ+ν)
α3 = B(G̃ → τ−e+ν) + B(G̃ → τ−μ+ν) + B(G̃ → τ−τ+ν)

TRpV Only Φe− = Ce( E
1 GeV )

−γe

Φe+ = Cp( E
1 GeV )

−γp

Based on e-Print 2011.09344, in collaboration with J. Buchner, E. Carquin, G. Gómez-
Vargas, B. Panes, and N. Viaux.
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Gravitino decay

Neutrinos



Photon Flux

Another effect:  
DAMPE and CALET 
can measure all  
electron flux to higher 
energies.

Pure TRpV can explain AMS-02

There is tension be- 
tween this explanation 
and the photon flux 
when we add CALET  
and/or DAMPE.



Conclusions
1.- In the original Scotogenic model masses of dark matter can be smaller than 500 
GeV, as noticed before (in contrast in the IHDM it cannot). 

2.- In this model, charged and neutral new particles can be long lived. 

3.- The positron fraction in cosmic rays rises with energy. A decaying Gravitino with 
mass of a few TeV can explain it. In this case, pure BRpV produce in too many photons. 

4.- Pure TRpV produce less photons than pure BRpV, and can explain the rise of 
positron fraction measured by AMS-02. But there is tension between the measurement 
of different satellites. In addition, neutrino masses and mixing angles should be 
evaluated. 

5.- Cosmic rays provide complementary information, thus satellites are an important 
tool. Particles can reach higher energies, although we loose control. 

6.- To establish a model beyond the SM we should use a combination of results from 
different experiments: neutrino, colliders, and satellites. 

7.- Any possible discrepancy between measurements coming from different satellites 
might be important and should be resolved.


