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 Dark Matter: 𝑺𝑼𝑺𝒀 & how to build a successful 𝑪𝑫𝑴− candidate

Recap of Lecture 𝟏𝟑

- 𝑾𝑰𝑴𝑷𝒔: 𝑺𝑼𝑺𝒀 connects fermions bosons, important 𝑹 − parity 𝑹𝑷 = +𝟏,−𝟏

- 𝑳𝑺𝑷 of 𝑺𝑼𝑺𝒀 is stable over cosmological times, expect 𝑻𝒆𝑽 − scale mass

- we can order 𝑫𝑴 candidates along their mass 𝒎 & cross section 𝝈𝒕𝒐𝒕

- Feyman diagrams for neutralinos: – production – annihilation – scattering

- 𝒏𝒆𝒖𝒕𝒓𝒂𝒍𝒊𝒏𝒐 = mass eigenstate & superposition of flavour states 𝜸𝟎 ෩𝒁𝟎 ෩𝑯𝒖
𝟎 ෩𝑯𝒅

𝟎

- searches for 𝑺𝑼𝑺𝒀 & 𝒏𝒆𝒖𝒕𝒓𝒂𝒍𝒊𝒏𝒐𝒔 at 𝑳𝑯𝑪 with 𝒔 = 𝟏𝟑. 𝟔 𝑻𝒆𝑽
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 𝒏𝒆𝒖𝒕𝒓𝒂𝒍𝒊𝒏𝒐𝒔 escape the detector region at the end 

of a superpartner decay chain

𝑺𝑼𝑺𝒀 − signatures at the 𝑳𝑯𝑪 experiments

- production:

𝒑𝒑 − collision results in a pair of 𝑺𝑼𝑺𝒀 −

particles (due to multiplicative 𝑹 − parity 𝑹𝑷)

- decay cascade:

very massive 𝑺𝑼𝑺𝒀 − particles (such as

𝒈𝒍𝒖𝒊𝒏𝒐𝒔 produced in strong interactions) decay

 emission of 𝑺𝑴 − particles also (𝒆+, 𝒆−, 𝒒, … )

- missing energy / momentum carried away:

lightest 𝑺𝑼𝑺𝒀 − particle (𝑳𝑺𝑷 = 𝒏𝒆𝒖𝒕𝒓𝒂𝒍𝒊𝒏𝒐) is stable
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- signature: lepton pairs, hadrons,…

𝑺𝑼𝑺𝒀 − signatures at the 𝑳𝑯𝑪 experiments

𝒇 ഥ𝒇
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𝝌𝟏
𝟎

 Unstable 𝒏𝒆𝒖𝒕𝒓𝒂𝒍𝒊𝒏𝒐𝒔 escape the vertex region but

decay is accompanied by emission of 𝑺𝑴− pairs     

Dec. 21, 2023
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 Recent limits on the masses of 𝑺𝑼𝑺𝒀 − particles: here 𝒈 vs. neutralino 𝝌𝟏
𝟎

- no signal (yet), Run 𝟑 data are

currently being analysed

𝑺𝑼𝑺𝒀 − searches at 𝑪𝑴𝑺 and 𝑨𝑻𝑳𝑨𝑺: no signal

- 𝑷𝑫𝑮 𝟐𝟎𝟐𝟐: 𝒏𝒆𝒖𝒕𝒓𝒂𝒍𝒊𝒏𝒐 mass > 𝟏 𝑻𝒆𝑽

rpp2022-rev-susy-2-experiment.pdf (lbl.gov)

since 𝟐𝟎𝟏𝟕
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gluino mass (𝑻𝒆𝑽)
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https://pdg.lbl.gov/2022/reviews/rpp2022-rev-susy-2-experiment.pdf


Exp. Particle Physics - ETPG. Drexlin – ATP-1 #146

 Recent limits on the masses of 𝑺𝑼𝑺𝒀 − particles

*

*somehow this mirror does not work!

𝑺𝑼𝑺𝒀 − searches at 𝑪𝑴𝑺 and 𝑨𝑻𝑳𝑨𝑺: no signal

Dec. 21, 2023
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 From the current Run 𝟑 to the 𝑳𝑺𝟑 and then: enter the 𝑯𝑳 − 𝑳𝑯𝑪

- 𝑳𝑺𝟑: major upgrade of 𝑳𝑯𝑪 (𝑩 = 𝟏𝟏 𝑻) towards

luminosity 𝑳 = 𝟓…𝟕. 𝟓 × 𝟏𝟎𝟑𝟒 𝒄𝒎−𝟐𝒔−𝟏

𝑺𝑼𝑺𝒀 − searches at the 𝑯𝑳 − 𝑳𝑯𝑪 (𝟐𝟎𝟐𝟗…𝟐𝟎𝟑𝟖)

- 𝑳𝑺𝟑: major upgrade of experiments 𝑨𝑻𝑳𝑨𝑺

and 𝑪𝑴𝑺 to handle luminosity & data flow

Dec. 21, 2023
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 On the drawing board of 𝑪𝑬𝑹𝑵: the 𝑭uture 𝑪ircular 𝑪ollider 𝑭𝑪𝑪

- planned future 𝒑𝒑 − collider with 𝟐𝝅𝒓 = 𝟏𝟎𝟎 𝒌𝒎 for 𝒄𝒎𝒔 𝒔 = 𝟏𝟎𝟎 𝑻𝒆𝑽

𝑺𝑼𝑺𝒀 − searches in the (far ? ) future

- 𝑭𝑪𝑪 − 𝒑𝒑: 

𝒑𝒑 − collisions for

𝑺𝑼𝑺𝒀 &𝑾𝑰𝑴𝑷−

searches

- 𝑭𝑪𝑪 − 𝒆𝒆: 

𝒆+𝒆− − collisions to

study 𝒉 𝑾± 𝒁𝟎 at

𝒔 = 𝟗𝟎 − 𝟑𝟓𝟎 𝑮𝒆𝑽

Dec. 21, 2023
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particle collision at the 𝑭𝑪𝑪

 On the drawing board of 𝑪𝑬𝑹𝑵: the 𝑭uture 𝑪ircular 𝑪ollider 𝑭𝑪𝑪

- planned future 𝒑𝒑 − collider with 𝟐𝝅𝒓 = 𝟏𝟎𝟎 𝒌𝒎 for 𝒄𝒎𝒔 𝒔 = 𝟏𝟎𝟎 𝑻𝒆𝑽

𝑺𝑼𝑺𝒀 − searches in the (far ? ) future

𝝌𝟐
𝟎

Dec. 21, 2023
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 Searching for annihilation processes of 𝑾𝑰𝑴𝑷𝒔 in the galactic 𝑫𝑴− halo

𝟒. 𝟑 Indirect 𝑾𝑰𝑴𝑷 detection methods

- messenger particles with energies

on the 𝑮𝒆𝑽…𝑻𝒆𝑽 − scale 

𝒇 ത𝒇
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messenger particles

annihilation process

𝑯 𝒁𝟎𝒉

𝜸

𝒆+

𝝌𝟏
𝟎 𝝌𝟏

𝟎
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 A variety of messenger particles from inner 𝑫𝑴− halo: 𝜸´𝒔, 𝒆+ , ഥ𝒑,…

Annihilation processes of galactic 𝒏𝒆𝒖𝒕𝒓𝒂𝒍𝒊𝒏𝒐𝒔

electrons/positrons:

- decays of hadrons

- pair production

- direct production

protons/anti−protons:

- hadronisation & jets

- decays of gauge bosons

gammas:

- hadronic decays

- bremsstrahlung

neutrinos:

- hadronic/leptonic decayswhere?

how?

Dec. 21, 2023
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 Particle physics (𝑫𝒂𝒓𝒌𝑺𝑼𝑺𝒀: annihilation of 𝝌𝟎)meets astrophysics

(𝑫𝑴 halo model & 𝑮𝑨𝑳𝑷𝑹𝑶𝑷)

Modelling of annihilation processes

- search for 𝑾𝑰𝑴𝑷 annihilations in the

𝑫𝑴− halo of our galaxy is strongly

model−dependent

Dec. 21, 2023
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Modelling of annihilation processes

ഥ𝒑

𝒆−
𝜸

𝜸
𝒑

ഥ𝝂

𝝂

𝒆+

- particle theory:

selection of a 𝑺𝑼𝑺𝒀 −model with specific neutralino

properties: mass, flavour ratios, annihilation modes, 

 energy spectrum of resulting messenger particles

 Particle physics (𝑫𝒂𝒓𝒌𝑺𝑼𝑺𝒀: annihilation of 𝝌𝟎)meets astrophysics 

(𝑫𝑴 halo model & 𝑮𝑨𝑳𝑷𝑹𝑶𝑷)

Dec. 21, 2023
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Modelling of annihilation processes

ഥ𝒑

𝒆−
𝜸

𝜸
𝒑

ഥ𝝂

𝝂

𝒆+

- astrophysics theory:

selection of a 𝑫𝑴− halo model with specific density

profile (especially in central part), 𝑾𝑰𝑴𝑷 velocities

 also important: modelling of background spectrum*

 Particle physics (𝑫𝒂𝒓𝒌𝑺𝑼𝑺𝒀: annihilation of 𝝌𝟎)meets astrophysics

(𝑫𝑴 halo model & 𝑮𝑨𝑳𝑷𝑹𝑶𝑷)

*see chapter 𝟐. 𝟏Dec. 21, 2023
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Modelling of background processes

- background modelling: here - inverse Compton effect

 selection of a source: pulsar (normal or 𝒎𝒔 −), 𝑺𝑵𝑹,

micro−quasar, diffuse background, galactic center

 important: modelling based on realistic scenario (𝑩, 𝝆)

high-energy 𝒆−

high-energy 𝜸

low-

energy 𝜸

 Particle physics (𝑫𝒂𝒓𝒌𝑺𝑼𝑺𝒀: annihilation of 𝝌𝟎)meets astrophysics

(𝑫𝑴 halo model & 𝑮𝑨𝑳𝑷𝑹𝑶𝑷)

Dec. 21, 2023
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Modelling of messenger propagation

- propagation modelling: here – positrons 𝒆+

selection of a model for the galactic 𝑩 − field with 𝟑𝑫,

often used: ´leaky box´ galactic 𝑩 − field model for 𝑪𝑹𝒔

 important: modelling* of energy losses & guiding

GALPROP: Home (stanford.edu)*

 Particle physics (𝑫𝒂𝒓𝒌𝑺𝑼𝑺𝒀: annihilation of 𝝌𝟎)meets astrophysics

(𝑫𝑴 halo model & 𝑮𝑨𝑳𝑷𝑹𝑶𝑷)

Dec. 21, 2023

https://galprop.stanford.edu/
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 Combining parameters from particle physics & astrophysics

Modelling of annihilation processes

- number 𝑵𝑨𝒏𝒏 of annihilations of a 𝑾𝑰𝑴𝑷 with mass 𝒎𝑪𝑫𝑴 in our galactic

𝑫𝑴− halo per unit time 𝒕 / volume 𝑽

𝒎𝑪𝑫𝑴 𝒏𝒆𝒖𝒕𝒓𝒂𝒍𝒊𝒏𝒐 mass (𝑮𝒆𝑽…𝑻𝒆𝑽)

𝝆𝑪𝑫𝑴 density profile of 𝑫𝑴− halo

𝒗 𝑾𝑰𝑴𝑷 velocity profile

ASTRO PHYSICS

𝝈𝑨𝒏𝒏 𝒙𝒔𝒆𝒄 from theory estimates

PARTICLE PHYSICS

𝑵𝑨𝒏𝒏 ~ 𝝈𝑨𝒏𝒏 ∙ 𝒗 ∙ 𝒏𝑪𝑫𝑴
𝟐

~ 𝝈𝑨𝒏𝒏 ∙ 𝒗 ∙
𝝆𝑪𝑫𝑴
𝟐

𝒎𝑪𝑫𝑴
𝟐

𝝆𝑪𝑫𝑴 = 𝒏𝑪𝑫𝑴 ∙
𝒎𝑪𝑫𝑴

𝑽

Dec. 21, 2023
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 Relevant Feynman diagrams at the tree level

Annihilation processes: a closer look at theory

e+

ത𝒇 ത𝒇 ത𝒇

𝒔 − channel (annihilation):

𝒁𝟎 − boson

pseudo−scalar 𝑨

𝒕 − channel (transformation):

sfermions (෨𝒇)
𝑨

- we need to consider all Feynman graphs, not only tree level….

𝒁𝟎

- further annihilation channels into

pairs of gauge bosons 𝑾± 𝒁𝟎

in both 𝒕 − and 𝒔 − channel 
PARTICLE PHYSICS

𝝌𝟏
𝟎

𝝌𝟏
𝟎

𝝌𝟏
𝟎

𝝌𝟏
𝟎

𝝌𝟏
𝟎

𝝌𝟏
𝟎

෨𝒇

𝒇 𝒇 𝒇

𝝈𝑨𝒏𝒏 𝒙𝒔𝒆𝒄 from theory estimates

Dec. 21, 2023
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 Relevant Feynman diagrams at higher orders: a small sample of channels

Annihilation processes: a closer look at theory

- we need to consider all Feynman graphs, not only tree level….

Dec. 21, 2023
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 Modelling of 𝑫𝑴 halos: finding the correct density profile 𝝆(𝒓)

- 𝑫𝑴 density values very important for annihilation studies

Annihilation processes: a closer look at dark halos

𝝆𝑪𝑫𝑴 density profile of 𝑫𝑴− halo

𝒗 𝑾𝑰𝑴𝑷 velocity profile

ASTROPHYSICS
expected 𝑫𝑴− annihilations

in Mollweide projection

𝑵𝑨𝒏𝒏 ~ 𝝆𝑪𝑫𝑴
𝟐

galactic center:   

𝑫𝑴− profile 𝝆𝑪𝑫𝑴 peaks (´𝑫𝑴− spike´)

Dec. 21, 2023
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 Modelling of 𝑫𝑴 halos: a ´de facto´ standard is the 𝑵𝑭𝑾 profile

- 𝑵avarro−𝑭renk−𝑾hite (𝑵𝑭𝑾) propose a detailed profile, simplified here to

Annihilation processes: a closer look at dark halos

𝝆𝑪𝑫𝑴(𝒓) ~ ൗ𝟏 𝒓𝟐

expected 𝑫𝑴− annihilations

in Mollweide projection

Dec. 21, 2023
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 Modelling of 𝑫𝑴 halos: comparison of different published halo profiles

Annihilation processes: a closer look at dark halos

distance 𝒓 from galactic center (𝒌𝒑𝒄)

𝑫
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𝝆
𝑪
𝑫
𝑴
(

Τ
𝑮
𝒆
𝑽
𝒄
𝒎

𝟑
)

𝒓
𝒔
𝒖
𝒏

𝝆𝑪𝑫𝑴 𝒓𝒔𝒖𝒏 =

𝟎. 𝟑 Τ𝑮𝒆𝑽 𝒄𝒎𝟑

- inner halo modelling

yields vastly different values: 

compare

𝑴𝒐𝒐𝒓𝒆

 𝑵𝑭𝑾

 𝒊𝒔𝒐𝒕𝒉𝒆𝒓𝒎𝒂𝒍

- halo−core: up to Τ𝟑𝟎𝟎 𝑮𝒆𝑽 𝒄𝒎𝟑

𝟎. 𝟏 𝟏 𝟏𝟎 𝟏𝟎𝟎

𝟏𝟎𝟎

𝟏𝟎

𝟏

𝟎. 𝟏

Dec. 21, 2023
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 Gammas as messenger particles: integration of signal along line 𝒅𝒔

Annihilation processes: along the line−of−sight

- Cherenkov telescopes, pointed at the galactic center, observe an integrated signal

𝒅𝒔

𝒍𝒊𝒏𝒆 − 𝒐𝒇 − 𝒔𝒊𝒈𝒉𝒕

𝜸 − flux

annihilation

cross section

averaged over

𝑾𝑰𝑴𝑷 velocity

𝑾𝑰𝑴𝑷 mass

𝜱𝑨𝒏𝒏 ~ 𝝈𝑨𝒏𝒏 ∙ 𝒗 ∙
𝟏

𝒎𝑪𝑫𝑴
𝟐 ∙ න𝝆𝑪𝑫𝑴

𝟐 ∙ 𝒅𝒔

Dec. 21, 2023



Exp. Particle Physics - ETPG. Drexlin – ATP-1 #1424

 Gammas as messengers: we focus our telescope onto the galactic center!

Annihilations from 𝑫𝑴: where to look

- it is best to look at the center of our galaxy: much larger 𝑫𝑴𝑨* − signal 

𝒅𝒔

*𝑫ark 𝑴atter 𝑨nnihilation

angle 𝜽
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 Gammas as messengers: we focus our telescope onto the galactic center!

Annihilations from 𝑫𝑴: where to look

angle 𝜽
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galactic center

𝒅 = 𝟖. 𝟑 𝒌𝒑𝒄

Andromeda

𝒅 = 𝟕𝟖𝟎 𝒌𝒑𝒄
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Annihilations from 𝑫𝑴: where to look

angle 𝜽

𝟎 𝟎. 𝟒 𝟎. 𝟖 𝟏. 𝟐 𝟏. 𝟔 𝟐. 𝟎
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 Simulated 𝑫𝑴𝑨 signals: the galactic center ´overwhelms´ all other sources

- expected 𝑫𝑴𝑨 flux (for 𝒎 = 𝟏 𝑻𝒆𝑽

& 𝝈𝑨𝒏𝒏 = 𝟏 𝒑𝒃) is VERY small:

𝜱𝑨𝒏𝒏 ~ 𝟓 ∙ 𝟏𝟎−𝟏𝟐 𝜸´𝒔 𝒄𝒎−𝟐 𝒔−𝟏𝒔𝒓−𝟏

Dec. 21, 2023
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𝟒. 𝟒. 𝟏 Gammas and positrons

𝜸

 Searching for 𝑫𝑴𝑨 signals with gammas and positrons

𝑮𝒆𝑽:

𝑭𝒆𝒓𝒎𝒊 observatory
𝜸

𝑮𝒆𝑽…𝑻𝒆𝑽:

𝑨𝑴𝑺 − 𝟎𝟐 experiment

𝒆+

𝑮𝒆𝑽…𝑻𝒆𝑽:

𝑰𝑨𝑪𝑻

𝝌𝟏
𝟎 + 𝝌𝟏

𝟎 → 𝜸, ഥ𝒑, 𝒆+, …
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𝑮𝒆𝑽…𝑻𝒆𝑽:

𝑨𝑴𝑺 − 𝟎𝟐 experiment

𝒆+

 Advantages / disadvantages of experiments using positrons

Positrons as 𝑫𝑴𝑨 messengers from the galaxy

strong deflection in galactic 𝑩 − fields

 energy losses during propagation from 𝑮𝑪* 

𝒆+ detection only from local 𝑫𝑴 halo

clear identification of 𝒆+: 

( Τ𝒆 𝒎) ratio via on−board

𝑩 − field in satellite mission

*𝑮alactic Center

𝑮𝑪

Dec. 21, 2023
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 Advantages of gamma experiments

- k

𝜸

𝑮𝒆𝑽…𝑻𝒆𝑽:

𝑰maging 𝑨tmospheric

𝑪herenkov 𝑻elescope

𝑮𝒆𝑽:

𝑭𝒆𝒓𝒎𝒊 observatory
𝜸

Gammas as 𝑫𝑴𝑨messengers from the galaxy

- 𝜸´𝒔 point back to their origin (the 𝑮𝑪): 

no deflection in galactic 𝑩 − fields

- 𝜸´𝒔 suffer no energy losses from the 𝑮𝑪

- 𝜸´𝒔 can be detected by satellites or by

𝑰𝑨𝑪𝑻𝒔

𝑮𝑪

Dec. 21, 2023
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We have very detailed maps of the 𝑮𝒆𝑽 − gamma sky

𝑮𝒆𝑽:

𝑭𝒆𝒓𝒎𝒊 observatory

Gammas as 𝑫𝑴𝑨 messengers from the galaxy

- many astrophysical

gamma sources*: 𝑺𝑵𝑹𝒔,

pulsars, 𝑰𝑺𝑴,…

*see chapter 𝟐. 𝟏. 𝟑 Gamma Telescopes

- column density of the

entire galaxy

𝝆𝒅 = 𝟑𝟖 Τ𝒈 𝒄𝒎𝟐

Dec. 21, 2023
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 Expected distributions strongly

depend on annihilation channels

Gammas as 𝑫𝑴𝑨 messengers: expected energies

- we expect about 𝟑𝟎…𝟒𝟎 𝜸´𝒔 from

quark fragmentation processes

(𝑮𝒆𝑽 − scale)

𝑬
𝟐
∙
𝜸
−

fl
u
x
 

(𝑮
𝒆
𝑽
𝒄
𝒎

𝟐
𝒔−

𝟏
𝒔𝒓

−
𝟏
)

- maximum 𝜸 − energy extends up to

𝑾𝑰𝑴𝑷 mass (here: 𝒎 = 𝟖𝟎 𝑮𝒆𝑽)

- 𝜸 − energy distribution depends on 

the (unknown) dominant annihilation

channel (→ 𝒃ഥ𝒃,… )
𝜸 − energy (𝑮𝒆𝑽)

𝒃ഥ𝒃

𝑾+𝑾−

𝒁𝟎𝒁𝟎

𝝉+𝝉−

𝒄ത𝒄

𝟏𝟎−𝟒

𝟏𝟎−𝟔

𝟏𝟎−𝟖

𝟏𝟎−𝟐

𝟎. 𝟏 𝟏 𝟏𝟎 𝟏𝟎𝟎
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 Hopes of identifying a ´smoking gun´ of 𝑫𝑴𝑨 via a ´golden´ 𝜸 − line at 𝒎(𝝌𝟏
𝟎)

Gammas as 𝑫𝑴𝑨 messengers: ´golden´ signal

- line−signal from 𝝌𝟎𝝌𝟎 → 𝜸𝜸 is suppressed,

 no coupling on tree level, only via loops

c
o
u
n
t

ra
te

energy (𝑮𝒆𝑽)

´golden´ 𝑾𝑰𝑴𝑷 signal

diffuse background

(extra−galactic)

„smoking gun“ 

𝒎(𝝌𝟏
𝟎)

𝜸 𝜸

𝑯𝒉 𝒁𝟎

𝝌𝟏
𝟎 𝝌𝟏

𝟎



𝟑𝟎 𝟒𝟎 𝟓𝟎 𝟔𝟎 𝟕𝟎

𝟏𝟎𝟎

𝟖𝟎

𝟔𝟎

𝟒𝟎

𝟐𝟎
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Gammas as 𝑫𝑴𝑨 messengers: golden signal

c
o
u
n
t

ra
te

´golden´ 𝑾𝑰𝑴𝑷 signal

diffuse background

(extra−galactic)

𝒎(𝝌𝟏
𝟎)

𝟑𝟎 𝟒𝟎 𝟓𝟎 𝟔𝟎 𝟕𝟎

𝟏𝟎𝟎

𝟖𝟎

𝟔𝟎

𝟒𝟎

𝟐𝟎

 no ´smoking gun´ of 𝑫𝑴𝑨 via 𝜸 − line at 𝒎(𝝌𝟏
𝟎) observed in data of 𝑭𝑬𝑹𝑴𝑰

𝑺𝑼𝑺𝒀 parameter space

𝟎 𝟏𝟎𝟎 𝟐𝟎𝟎 𝟑𝟎𝟎

𝜸 − energy (𝑮𝒆𝑽)

only visible in narrow

𝑺𝑼𝑺𝒀 − space!

𝜸 − energy (𝑮𝒆𝑽)

𝟏𝟎𝟑

𝟏𝟎𝟐

𝟏𝟎𝟏

#
 g

a
m

m
a

s
/ 
𝟒
𝒚
𝒓
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 Fermi Gamma−Ray Telescope: most sensitive 𝑮𝒆𝑽 − gamma observatory

Gammas as 𝑫𝑴𝑨 messengers: 𝑭𝑬𝑹𝑴𝑰

- goal: long−term study of gamma−ray sky

large area, high angular resolution

𝑳𝑨𝑻

- key instrument: 𝑳arge 𝑨rea 𝑻elescope (𝑳𝑨𝑻)

 detect gammas via pair conversion

𝟐𝟎𝑴𝒆𝑽… 𝟑𝟎𝟎 𝑮𝒆𝑽

𝟒. 𝟑 𝒕

𝟏 𝒎𝟐

𝟓𝟔𝟎 𝒌𝒎

𝟐. 𝟖 𝒎 𝒉 × 𝟐. 𝟓 𝒎 (∅)

since mid−𝟐𝟎𝟎𝟖

Dec. 21, 2023
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 Pair conversion of gammas with 𝟏𝟔 towers

Fermi: the 𝑳arge 𝑨rea 𝑻elescope 𝑳𝑨𝑻

veto against

charged cosmics

𝜸 − conversion

(𝟏𝟔𝑾− foils)

𝑳𝑨𝑻

𝑺𝒊 − strips

(track detection)

 𝜸 − direction

𝑬𝑪𝑨𝑳 (= 𝟖. 𝟔 𝚲𝟎)
𝑪𝒔𝑱 − scint.

 𝜸 − energy

Dec. 21, 2023
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 Mollweide projection of 𝑭𝒆𝒓𝒎𝒊 − 𝑳𝑨𝑻 data focused on galactic center (𝑹𝟑)

How do you look for a 𝑫𝑴𝑨 signal in the sky?

𝟏𝟎𝟑

𝟏𝟎𝟐

𝟏𝟎𝟏

𝟏𝟎𝟎

e
v
e

n
ts

 /
 𝟏
°
×
𝟏
°

𝟔𝟎°

𝟑𝟎°

𝟎°

−𝟑𝟎°

−𝟔𝟎°

- define a series of 𝑹𝑶𝑰s (𝑹egions−𝑶f−𝑰nterest): 𝑹𝟑 − 𝟑° / 𝑹𝟏𝟔 − 𝟏𝟔° / 𝑹𝟒𝟏 − 𝟒𝟏°

- we expect & search for a 𝑫𝑴𝑨− signal in the innermost region 𝑹𝟑 − 𝟑°

𝑹𝟑
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 𝟐𝟎𝟏𝟒/𝟏𝟓: is this a signal of 𝑫𝑴𝑨 (aka the ´𝑯𝒐𝒐𝒑𝒆𝒓𝒐𝒏*´) or ´just pulsars´

𝑭𝒆𝒓𝒎𝒊 observes an excess at the galactic center

*this is a pun name for 𝝌𝟏
𝟎 , coined after the first author

- but: rather low 𝜸 − energies 𝑬𝜸 = 𝟏…𝟑 𝑮𝒆𝑽 

- from innermost galactic region 𝒓 < 𝟏. 𝟓 𝒌𝒑𝒄 

- (boldly!) interpreted as 𝑾𝑰𝑴𝑷− signature

- since then: highly controversial discussions

about this interpretation of the 𝜸 − excess 

fitted mass:  𝒎 𝝌𝟏
𝟎 = 𝟑𝟏 − 𝟒𝟎 𝑮𝒆𝑽

𝑫𝑴𝑨 channel: 𝝌𝟏
𝟎+𝝌𝟏

𝟎 → 𝒃ഥ𝒃

- (likely) astrophysics explanation: 𝒎𝒔 − pulsars

Dec. 21, 2023
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𝑭𝒆𝒓𝒎𝒊 observes an excess at the galactic center

- 𝑫𝑴𝑨 interpretation: annihilation of ´𝑯𝒐𝒐𝒑𝒆𝒓𝒐𝒏𝒔´ into 𝑮𝒆𝑽 − scale gammas

- astrophysics interpretation: a new class of 𝒎𝒔 − pulsars at the galactic center

𝑯𝒐𝒐𝒑𝒆𝒓𝒐𝒏

𝒎𝒔 − pulsars

 𝟐𝟎𝟏𝟒/𝟏𝟓: is this a signal of 𝑫𝑴𝑨 (aka the ´𝑯𝒐𝒐𝒑𝒆𝒓𝒐𝒏´) or ´just pulsars´

Dec. 21, 2023
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- update: no evidence for a 𝑯𝒐𝒐𝒑𝒆𝒓𝒐𝒏 in 𝑫𝑴𝑨 search focused on dwarf galaxies

- astrophysics interpretation: a new class of 𝒎𝒔 − pulsars at the galactic center 

𝑯𝒐𝒐𝒑𝒆𝒓𝒐𝒏

𝒎𝒔 − pulsars

𝑭𝒆𝒓𝒎𝒊 observes an excess at the galactic center

 𝟐𝟎𝟐𝟑: this is not a signal of 𝑫𝑴𝑨 (aka the ´𝑯𝒐𝒐𝒑𝒆𝒓𝒐𝒏´) but ´new pulsars´

Dec. 21, 2023
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 Using 𝑰maging 𝑨tmospheric 𝑪herenkov 𝑻elecopes to hunt a 𝑫𝑴𝑨 signal

Let´s search for a 𝑫𝑴𝑨 signal in the 𝑻𝒆𝑽 𝜸 − sky

- if 𝒏𝒆𝒖𝒕𝒓𝒂𝒍𝒊𝒏𝒐𝒔 are very massive: we expect a 𝑫𝑴𝑨− signal in the 𝑻𝒆𝑽 − range

𝑻𝒆𝑽 − 𝜸´𝒔

𝝌𝟏
𝟎

𝝌𝟏
𝟎
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 A clear advantage of 𝑰𝑨𝑪𝑻𝒔: we extend 𝑫𝑴𝑨 searches to higher 𝜸 − energies

Comparing the 𝑫𝑴𝑨 sensitivites

- 𝑰𝑨𝑪𝑻𝒔: extended energy range,

excellent angular resolution, 

but rather narrow field−of−view 

𝑭𝒆𝒓𝒎𝒊

𝒏𝒆𝒖𝒕𝒓𝒂𝒍𝒊𝒏𝒐
(𝒎 = 𝟐𝟎𝟎 𝑮𝒆𝑽)

𝜸
−

fl
u
x
 

(𝑻
𝒆
𝑽
−
𝟏
𝒄
𝒎

−
𝟐
𝒔−

𝟏
)

- 𝑰𝑨𝑪𝑻𝒔: long exposures required

due to small 𝑫𝑴𝑨 𝜸 − fluxes from

𝑻𝒆𝑽 − scale (very heavy) 

neutralinos

𝜱𝑨𝒏𝒏 ~
𝟏

𝒎𝑪𝑫𝑴
𝟐 𝟎. 𝟎𝟎𝟏 𝟎. 𝟎𝟏 𝟎. 𝟏 𝟏 𝟏𝟎

𝜸 − energy (𝑻𝒆𝑽)

𝑴𝑨𝑮𝑰𝑪

𝑯. 𝑬. 𝑺. 𝑺.

𝟏𝟎−𝟓

𝟏𝟎−𝟏𝟎

𝟏𝟎−𝟏𝟓

𝟏𝟎−𝟐𝟎

𝟏𝟎𝟎
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 Using 𝑰maging 𝑨tmospheric 𝑪herenkov 𝑻elecopes to hunt a 𝑫𝑴𝑨 signal

Let´s point our 𝑰𝑨𝑪𝑻 to the galactic center

𝑮𝑪

- the galactic center is a very

active place with a central

supermassive black hole

 many astrophysical sources!

𝑬vent 𝑯orizon 𝑻elescope (𝑬𝑯𝑻)

Dec. 21, 2023
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 Using 𝑰maging 𝑨tmospheric 𝑪herenkov 𝑻elecopes to hunt a 𝑫𝑴𝑨 signal

Let´s point our 𝑰𝑨𝑪𝑻 to the galactic center

𝑮𝑪

𝑺𝒈𝒓 𝑨*

will we be able to see

a 𝑫𝑴𝑨 signal there?  

𝜸 𝜸𝒑
𝒑

𝒑

- the galactic center is a very

active place with a central

supermassive black hole

 many astrophysical sources!
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 the 𝑮𝑪: a supermassive black hole & many 𝑺𝑵 remnants – all close together

Let´s point our 𝑰𝑨𝑪𝑻 to the galactic center

𝑮𝑪

- we see a clear signal at

𝑻𝒆𝑽 − 𝜸 − energies from

the galactic center! Is this

coming from 𝑫𝑴𝑨 indeed?? 

𝑺𝑵 − remnant

𝑮𝟎. 𝟗 + 𝟎. 𝟏

𝑯𝑬𝑺𝑺
𝑱𝟏𝟕𝟒𝟓 − 𝟐𝟗𝟎 (𝑮𝑪) 

a cosmic ´𝑻𝒆𝑽𝒂𝒕𝒓𝒐𝒏´
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 the 𝑮𝑪: zoom in please – we want to focus on the very heart of our galaxy

Let´s point our 𝑰𝑨𝑪𝑻 to the galactic center

- we compare different 𝑹egions−𝑶f−𝑰nterest (𝑹𝑶𝑰),

similar to the 𝑭𝒆𝒓𝒎𝒊 analysis at lower energies

Dec. 21, 2023

𝑹𝑶𝑰

galactic longitude (°)

g
a
la

c
ti
c

la
ti
tu

d
e

(°
)

𝟎. 𝟒

𝟎. 𝟎

−𝟎. 𝟒

𝟏. 𝟎 𝟎. 𝟎 𝟑𝟓𝟗. 𝟎



Exp. Particle Physics - ETPG. Drexlin – ATP-1 #1446

 the 𝑮𝑪: a featureless power−law spectrum, a clear indication of astrophysics

𝑰𝑨𝑪𝑻 results from the galactic center

- inner−most 𝑹𝑶𝑰: gammas from

acceleration of charged particles &

subsequent 𝜸 − production

𝜸
−

fl
u

x
 ∙
𝑬
𝟐

(𝑻
𝒆
𝑽
𝒄
𝒎

−
𝟐
𝒔
−
𝟏
)

diffuse 𝜸 − emission
best−fit model

other models

𝜸 − energy (𝑻𝒆𝑽)

Dec. 21, 2023

𝟏 𝟏𝟎

𝟏𝟎−𝟏𝟏

𝟏𝟎−𝟏𝟐

𝟏𝟎−𝟏𝟑

𝑺𝑵 − remnant

𝑮𝟎. 𝟗 + 𝟎. 𝟏

𝑯𝑬𝑺𝑺
𝑱𝟏𝟕𝟒𝟓 − 𝟐𝟗𝟎 (𝑮𝑪) 
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 The future 𝑪herenkov 𝑻elescope 𝑨rray* will search for 𝑫𝑴𝑨 signals

𝑰𝑨𝑪𝑻 results in the future: expected 𝑪𝑻𝑨 limits 

- galactic center

- galactic halo

Dec. 21, 2023 *see lect. 𝟗, 𝒑. 𝟗 − 𝟏𝟓

- 𝑪𝑻𝑨 will look for 𝑫𝑴𝑨 at the
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 The future 𝑪herenkov 𝑻elescope 𝑨rray will search for 𝑫𝑴𝑨 signals

𝑰𝑨𝑪𝑻 results in the future: expected 𝑪𝑻𝑨 limits 

dwarf spheroidals

- 𝑪𝑻𝑨 will look for 𝑫𝑴𝑨 at 

optical

(photo)

stars 𝑫𝑴𝑨

𝜸´𝒔
(𝑴𝑪)

Dec. 21, 2023

 ideal, composed of 𝟗𝟗%𝑫𝑴!
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 Seasons Greetings & a happy New Year 𝟐𝟎𝟐𝟒

SEASONS

GREETINGS &

A HAPPY

NEW YEAR 𝟐𝟎𝟐𝟒

A Christmas tree made from 𝑪𝑹 tracks

from overlapping

tracks of cosmics

& 𝜶 − decay chain events

recorded with standard

iphone6 sensors

Jan. 12, 2023


