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Titre: Étude du centre galactique et recherche de matière noire avec la H.E.S.S. InnerGalaxy Survey
Mots clés: Astrophysique des hautes énergie, Astronomie gamma, Matière noire, Emis-sions diffuses, Astroparticule, Centre Galactique
Résumé: L’astrophysique des très hautes én-ergies (THE, E ≥ 100 GeV) a été pionnière dansl’étude des processus non thermiques qui ac-célèrent des rayons cosmiques (RC) au seind’objets galactiques et extragalactiques. L’unedes régions les plus prometteuses est le CentreGalactique (CG), peuplée par de nombreusesémissions THE, comme l’émission étendue debulles de Fermi (BF) détectée par Fermi-LAT auxénergies du GeV. Les rayons gamma THE sontdes messagers remarquables pour rechercherla mystérieuse matière noire (MN). Parmi lescandidats particules MN figurent les particulesmassives à faible interaction (WIMP), qui peu-vent s’auto-annihiler et produire des rayonsgamma aux TeV dans des régions denses del’Univers, comme le CG. D’autres cibles sontles sous-halos MN, prédits dans les galaxiesde type Voie lactée par des simulations cos-mologiques de formation de structures. Le sys-tème stéréoscopique à haute énergie (H.E.S.S.),un réseau de 5 télescopes atmosphériquesimageurs Cherenkov (IACT), détecte photonsaux TeV. H.E.S.S. observe la région du CG dansdes conditions uniques grâce à sa localisationdans l’hémisphère sud. La première partie de lathèse introduit des notions sur l’astrophysiqueTHE, le réseau H.E.S.S., les candidates MN etles méthodes d’analyse statistiques utilisées.Pour ce dernier, nous décrivons les tests statis-tiques de log-vraisemblance (LLRTS) et les pre-miers résultats d’une nouvelle méthode desréseaux neuronaux bayésiens sur la discrimi-nation spectrale et spatiale d’un signal faibleen présence d’un fond dominant non trivial.La deuxième partie porte sur la région CG auTHE. La Inner Galaxy Survey (IGS), un ensem-ble d’observation H.E.S.S. du CG, est décrit endétail. L’étude des incertitudes systématiquesqui affecte les données IGS et l’effort en courspour construire des modèles de brui de fondsont largement présentés. Avec les donnéesIGS, nous recherchons l’émission à la base desBF et, pour la première fois, elle est détectéejusqu’à ∼ 2 TeV avec signification intégrée de

9.2 σ. Nous montrons les flux observés dif-férentiels d’énergie et des limites supérieures.À 1 TeV, le flux mesuré des BF est de ∼1.2×10−9 TeVcm−2s−1sr−1. D’un ajustementconjoint des données Fermi et H.E.S.S., nouspouvons déterminer la coupure d’énergie sur lespectre des photons. Des analyses supplémen-taires pour inclure les incertitudes systéma-tiques sont en cours. La troisième partie rap-porte de nouveaux résultats sur la rechercheMN. En utilisant l’ensemble de données IGS,nous dérivons 95% C.L. limites supérieures ob-servées et attendues sur la section efficaced’annihilation des WIMPs (⟨σv⟩), avec le LLRTSet pour nombreux canaux d’annihilation. Pourle canal τ+τ−, nos limites atteignent 1.2×10−26

cm3s−1 pour une masse de MN de 0.7 TeV, dé-fiant les valeurs attendues pour le MN ther-mique. À 1.5 TeV MN, nous améliorons de1.6 les résultats précédents H.E.S.S.. Pour lescanaux testés, ce sont les limites les plus con-traignantes aux TeV. Nous étudions égalementles incertitudes systématiques et sur le choixdu profil MN. Une autre recherche est effec-tuée vers les candidats sous-halo MN, les ob-jets de Fermi non identifiés (OFNI), sélection-nés dans le catalogue Fermi 3FHL sans con-trepartie astrophysique conventionnelle. Leslimites supérieures sur le produit entre ⟨σv⟩ etle J-factor sont calculées. L’émission d’ovnis enterme de MN est exclue jusqu’à ∼ 300 GeV. Laportée en termes de sensibilité du signal MNavec la génération actuelle d’IACT dans la ré-gion CG est étudiée avec un jeu de donnéesIGS fictif, les rendements de rayons gamma depointe pour le flux de photons MN attendu etpour la distribution MN dans le CG, y comprisla rétroaction baryonique et les calculs cinéma-tiques stellaires. La sensibilité dérivée ne peutpas sonder le Higgsino MN thermique mais ex-clut le Wino et le Quintuplet MN thermiqueaux TeV. La sensibilité de notre analyse est ro-buste face à plusieurs sources d’incertitudesque nous avons explorées.



Title: Study of the Galactic Center and Search for Dark Matter with the H.E.S.S. InnerGalaxy Survey
Keywords: High-Energy astrophysics, Gamma-ray astronomy, DarkMatter, Diffuse emis-sions, Astroparticle physics, Galactic Center
Abstract: Very high energy (VHE, E ≥ 100GeV) astrophysics pioneered the study of non-thermal processes describing cosmic rays (CRs)accelerated by galactic and extragalactic ob-jects. CRs can be investigated by observingthe Galactic Center (GC), which hosts many VHEsources and emissions, like for instance theFermi Bubbles (FBs) found by Fermi-LAT in theGeVs. VHE photons can be used to study thestill mysterious Dark Matter (DM). Among thebest DM particle candidates are the weakly in-teracting massive particles (WIMPs), which ifmassive enough can self-annihilate and emitTeV gamma-rays fromdense regions of theUni-verse. The most promising target to searchfor DM is the GC. Other ones are DM subha-los, predicted in Milky-Way-like galaxies by cos-mological simulations. The High Energy Stereo-scopic System (H.E.S.S.), an array of 5 ImagingAtmospheric Cherenkov Telescopes (IACT), ob-serves VHE photons between around 50 GeVand tens of TeV. It can observe the GC re-gion thanks to its ideal position in the south-ern hemisphere. The future array of IACTs,the Cherenkov Telescope Array, will push theboundary of the sensitivity in the TeV ener-gies. The first part of the thesis introducesfundamental concepts on VHE astrophysics, onH.E.S.S., the supposed nature of DM and thestatistical methods used in this work. We de-scribe the log-likelihood-test-statistics (LLRTS)and results from a novel Bayesian neural net-work framework on the spectral and spatial dis-crimination of a weak signal in the presence ofa non-trivial dominating background. The sec-ond part of the thesis focuses on the GC re-gion at VHE. The Inner Galaxy Survey (IGS), a 6-years H.E.S.S. observational dataset of the GCis described in detail. The study of the sys-tematics affecting it and the ongoing effort tobuild background models from extra-galacticobservations and run-wise simulations of theIGS are extensively presented. With the IGS, wesearch for the low-latitude FBs emission in theregion of interest defined by the Fermi analy-

sis. For the first time, the FBs are detected upto ∼ 2 TeV and an integrated significance of9.2 σ. We show observed flux points and up-per limits. At 1 TeV, the FBs are measured at ∼1.2×10−9 TeVcm−2s−1sr−1. From a joint fit ofthe Fermi and H.E.S.S. analyses, we could ob-tain the energy cutoff on the photon spectrum,however more effort to include all the system-atics is ongoing. The third part reports new re-sults on DM search. Using the IGS dataset, wederive 95% C.L. observed and expected upperlimits on the WIMPs annihilation cross-section(⟨σv⟩), with the LLRTS and for several annihila-tion channels. For the τ+τ− annihilation chan-nel, our limits reach 1.2×10−26 cm3s−1 for aDM mass of 0.7 TeV, challenging the expectedvalues for thermal DM. At 1.5 TeV DMmass, weimprove the limits of 1.6 with respect to pre-vious H.E.S.S. results. For the tested channels,these are the most constraining limits for TeVDM masses. We also investigate limits uncer-tainties due to the choice of the DM profile andthe systematics. Another search for DM sig-nal is performed towards DM subhalo candi-dates, the selected unidentified-Fermi-objects(UFOs) in the 3FHL Fermi catalog with no con-ventional astrophysical counterpart. We deriveupper limits on the product between ⟨σv⟩ andthe J-factor. The DM UFOs emission is excludeddown to ∼ 300 GeV. The reach in term of DMsignal sensitivity with the current generation ofIACTs in the GC region is investigated using amock IGS dataset, the state of the art gamma-ray yields for the expected DM photon fluxand for the DM distribution in the GC, includ-ing baryon feedback and stellar kinematic com-putations. New limits are derived for model-independent DM searches. The derived sen-sitivity cannot probe thermal Higgsino DM butexcludes thermal Wino and Quintuplet DM. Wewidely explore how the evaluation of differentuncertainties can affect the final results. Thesensitivity of our analysis is robust against sev-eral sources of uncertainties.





"Considerate la vostra semenza:
fatti non foste a viver come bruti,
ma per seguire virtute e canoscenza"

Dante, Divina Commedia, "Inferno", canto XXVI, vv. 118-120
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Synthèse en français

Introduction L’astrophysique des très hautes énergies (THE, E ≥ 100 GeV) a ou-vert la voie à l’étude des processus non thermiques, les plus violents de l’Univers.Les rayons cosmiques (RC) qui sont accélérés par des objets galactiques commeles restes de supernova et les trous noirs ou des objets extragalactiques commeles noyaux galactiques actifs, émettent des rayons gamma. L’origine et lesmécan-ismes d’accélération des RC sont encore largement débattus. L’une des régionsdu ciel les plus prometteuses pour ces investigations est le Centre Galactique (CG),où une émission diffuse de rayons gamma TeV a été détectée à proximité du trounoir supermassif central Sagittarius A*. Cette détection était considérée commeun indice pour un objet accélérant des protons jusqu’à des énergies PeV, c’est-à-dire un Pevatron. Plus récemment, des photons accélérés jusqu’à 1.4 PeV ontété collectés à partir de 12 autres sources. Le satellite Fermi-LAT a détecté uneémission THE étendue au-dessus et au-dessous du Plan Galactique, les Bulles deFermi (BF). Cette émission est plus brillante aux basses latitudes et ne montre au-cun indice de coupure d’énergie dans l’analyse de Fermi, ouvrant ainsi la questionde ce qui peut être fait aux énergies du TeV.
La physique fondamentale au-delà du modèle standard de la physique desparticules peut être étudiée avec les rayons gamma THE. La Matière Noire (MN)imprègne 85% du contenu en matière de l’Univers. Néanmoins, sa nature laisseencore perplexe de nos jours. Parmi les meilleurs candidats pour expliquer la MNse trouvent les particules massives non baryoniques qui peuvent interagir gravi-tationnellement et par la force faible avec lamatière standard. Ces particules sontconnues sous le nom de particulesmassives à faible interaction (WIMPs). Lorsquedes WIMPs suffisamment massifs sont considérés, ils peuvent s’auto-annihilerdans des régions denses de l’Univers. Ce processus d’annihilation peut produiredes rayons gamma TeV. La région la plus prometteuse pour détecter le signal MNest le CG. D’autres cibles prometteuses sont les galaxies satellites sphéroïdalesnaines de la Voie lactée et les sous-halosMN, qui devraient être hébergées par desgalaxies de type Voie lactée par les simulations cosmologiques. Ces cibles sontdominées par le MN et dépourvues de gaz, elles pourraient donc être utiliséespour rechercher une confirmation d’un éventuel signal MN du CG. De nombreuxprogrammes d’observation sont dédiés à l’étude de la physique fondamentale età la recherche de signal MN.
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Les rayons gammaTHEpeuvent être observés par les télescopes d’imagerie at-mosphériqueCherenkov (IACT). Le système stéréoscopique àhaute énergie (H.E.S.S.)est un réseau de 5 IACT collectant des rayons gamma dans la gamme d’énergiecomprise entre environ 50 GeV et des dizaines de TeV. La région CG peut être ob-servée par H.E.S.S. grâce à sa position idéale dans l’hémisphère sud. L’observationde cette région du ciel est vraiment prometteuse pour la détection du signal MNpour la gamme de masse qui ne peut pas être sondée par les collisionneurs etpour essayer de caractériser l’émission des BF. De nombreuses contraintes impor-tantes sur les propriétés du TeVMNont été dérivées des observations de la régionCG et de certains candidats sous-halo MN. Le futur réseau d’IACT, le CherenkovTelescope Array (CTA), poussera la sensibilité dans la gamme d’énergie TeV et per-mettra de contraindre encore plus les paramètres spatiaux MN.
Cette thèse de doctorat décrit le vaste programme d’observations de la régionCG avec H.E.S.S., comment cet ensemble de données est utilisé pour l’étude decertaines émissions importantes dans la région et les recherches de signal MN duhalo interne de la Voie lactée et de certains candidats sous-halo MN . Des nou-veautés dans les méthodes statistiques utilisées pour démêler les signaux faiblesdans un ensemble de données dominé par un arrière-plan non trivial sont égale-ment présentées. Des études sur la portée finale de la sensibilité aux signaux dematière noire de la région du centre galactique avec la génération actuelle d’IACTsont rapportées.
Lapremièrepartiede la thèse introduit des notions fondamentales sur l’astrophysiqueTHE, la H.E.S.S. réseau de télescopes, les méthodes statistiques utilisées dans cetravail et la nature du MN. Des concepts sur l’astrophysique de la production derayons gammapar lesmécanismes d’accélération des rayons cosmiques sont rap-portés dans le Chap. 1. Les H.E.S.S. télescopes et une description succincte destechniques de détection, d’observation et de mesure du bruit de fond sont don-nés au Chap. 2. Dans Chap. 3 le paradigme MN, les meilleurs candidats pourMN et la distribution MN sont rapportés. Nous présentons également un rapportconcis du signal attendu pour la détection indirecte deMN et des cibles de rayonsgamma THE les plus prometteuses. Enfin, les méthodes statistiques et les testsde performance permettant de caractériser les résultats et les incertitudes sontprésentés au Chap. 4. Des méthodes plus classiques avec l’application de statis-tiques de test de log-vraisemblance ainsi que de nouveaux cadres de réseaux deneurones bayésiens sont présentés et appliqués pour la discrimination d’un signalfaible en présence d’un bruit de fond non trivial.
La deuxième partie de la thèse porte sur la région CG au THE. Nous utilisons

Chap. 5pour une présentation générale du ciel THE dans le CG.Nous introduisonsd’abord brièvement les observations du CG à plusieurs longueurs d’onde. Nousdécrivons ensuite de manière concise les sources astrophysiques TeV connuespeuplant le CG et l’émission THE étendue qui ont été détectées dans la région.Nous concluons le chapitre avec quelques sections sur les débits THE mesurés à
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partir du CG, en nous concentrant sur les BF. Au Chap. 6, l’Inner Galaxy Survey(IGS) est présenté, à partir des objectifs scientifiques de ce programme étendud’observations. Nous décrivons ensuite l’ensemble dedonnées d’observation avantl’avènement de la H.E.S.S. phase II, lorsque le réseau était composé uniquementdes quatre petits télescopes, et après celui-ci, avec le réseau complet de cinq téle-scopes. Les paramètres de la prise de données, tels que les angles de zénith etde décalage des observations et les cartes du ciel en excès et en signification,pendant l’IGS sont affichés. Deux sections détaillées sont ensuite consacrées àla description de l’étude de la systématique affectant l’ensemble de données IGSet à la procédure que nous mettons en œuvre pour construire des modèles defond à partir d’observations extra-galactiques et de simulations par exécution del’ensemble de données IGS. La deuxième partie se conclut par le Chap. 7, où nousprésentons la recherche de l’émission des BF à basse latitude avec H.E.S.S.. LesBF étaient déjà détectés par Fermi-LAT comme une structure à double lobe au-dessus et au-dessous du CG. Nous utilisons l’ensemble de données IGS et unerégion d’intérêt définie à partir du modèle spatial Fermi-LAT des BF pour dériverde nouvelles contraintes sur l’émission aux énergies du TeV, où l’expérience satel-lite ne peut pas observer les photons et ne peut détecter aucun indice de coupuresur le GeV spectre.
La troisième partie rapporte des nouvelles sur la recherche de signal MN.Dans Chap. 8 nous montrons de nouveaux résultats pour les limites de la sec-tion efficace d’annihilation pondérée en vitesse desWIMPs auto-annihilants. Pourcela, nous supposons des modèles standard de spectres MN et de distributionMN dans le CG et nous obtenons de nouvelles limites à partir de l’ensemble dedonnées IGS. Une autre recherche de signal MN est présentée au Chap. 9. Dansce cas, nous utilisons un ensemble de données d’observations vers des candidatssubhaloMN, des objets sélectionnés sans contrepartie astrophysique convention-nelle dans le 3FHL Fermi-LAT catalog de sources à hautes énergies. Nous appelonsces objets des objets de Fermi non identifiés (OFNI). La sélection a été effectuéepour trouver les meilleurs candidats sous forme de sous-halos MN et facilementobservables avec H.E.S.S.. Dans le dernier chapitre, i.e. Chap. 10, nous exploronsquelques perspectives sur la détection de signaux MN avec la génération actuelled’IACTs et en particulier avec H.E.S.S.. Pour ce travail, nous avons créé un jeu dedonnées fictif de mesures imitant l’état actuel des observations de la région CGavec l’IGS. Nous utilisons des calculs de rendement de rayons gamma de pointepour les spectres de photons attendus à partir des profils de distribution MN etMN annihilants dans le CG. Nous calculons les limites de sensibilité dans diverscanaux, nous testons également la portée de H.E.S.S. pour les mesures de pho-tons émis par le MN s’annihilant dans les canaux de neutrinos. Enfin, nous calcu-lons les limites des candidats canoniques WIMP tels que le Wino, le Higgsino etle Quintuplet, montrant quelles sont les réalisations possibles avec la générationactuelle d’IACT.
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Le Chapitre 1 donne un aperçu de l’astrophysique des rayons gamma THEet des processus connexes. Plusieurs objets de l’Univers accélèrent les rayonscosmiques chargés par des processus d’interaction leptonique et hadronique quipeuvent alors produire des rayons gamma à THE, utilisés pour l’étude de l’Universnon thermique. Des expériences spatiales et terrestres ont été construites selondifférentes techniques de détection pour détecter ces rayons gamma. Les con-cepts fondamentaux de l’Univers non thermique, les mécanismes d’accélérationdes CRs et de production de rayons gamma sont expliqués succinctement dans
Sec. 1.1, 1.2 et 1.3. Les accélérateurs TeV CRs sont présentés dans Sec. 1.4. Lesexpériences qui observent le ciel gamma pour une détection directe ou indirectesont présentées dans Sec. 1.5. Enfin, la physique fondamentale qui peut êtreétudiée avec l’astrophysique des rayons gamma est brièvement rapportée dans
Sec. 1.6.

Le Chapitre 2 présente l’expérience H.E.S.S.. Elle part du concept de gerbe at-mosphérique de particules et de lumière Cherenkov produite dans l’atmosphèrepar les rayons gammaTHEen interaction avec celle-ci, en Sec. 2.1. Ensuite, Sec. 2.2montre quelques brefs détails sur le réseau de H.E.S.S. cinq-télescopes, comme laconfiguration et les phases de l’expérience. Les procédures d’identification et desélection des événements sont présentées dans Sec. 2.3. Les méthodes utiliséespour l’observation et la mesure du bruit de fond sont présentées dans Sec. 2.4.
Sec. 2.5 présente les fonctions de réponse de l’instrument (IRF), telles que la sur-face effective de l’instrument, la définition du seuil d’énergie et les résolutionsénergétique et angulaire. Enfin, le chapitre se termine par la Sec. 2.6 pour la de-scription des méthodes de reconstruction des événements mesurés en phase Iou en phase II de l’instrument H.E.S.S..

Le Chapter 3 concerne le paradigme MN. Dans Sec. 3.1, nous résumons leséléments de preuve de l’existence deMN dans l’Univers, la densité thermique desreliques de particules froides de MN et le modèle standard ΛCDM de Cosmologie. Nous introduisons ensuite les candidats théorisés pour expliquer le MN dans
Sec. 3.2. Sec. 3.3 est dédié à une brève explication des théories alternatives aumodèle ΛCDM. Les techniques de détection, détections directes et indirectes etrecherche de collisionneur sont présentées dans Sec. 3.4. Les profils de distri-bution MN attendus et théorisés selon les modèles actuels et la mesure de lacinématique stellaire sont présentés dans Sec. 3.5. Des cibles prometteuses pourla recherche de signal MN sont résumées dans Sec. 3.6. Le flux attendu de pho-tons gamma du signal d’auto-annihilation MN est expliqué dans Sec. 3.7. Les dif-férentes caractéristiques caractérisant un spectre de rayons gamma provenantde l’annihilation MN sont présentées dans Sec. 3.8.

Le Chapitre 4 est dédié à une description détaillée des méthodes statistiquesquenousutilisons dans ce travail. La première partiemontre lesméthodes baséessur les statistiques de test, où la fonction de vraisemblance de Poisson et la statis-tique de test du rapport de vraisemblance sont présentées dans Sec. 4.2. Ces
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méthodes sont utilisées pour les recherches de signaux MN, vers les OFNIS etdans le jeu dedonnées IGS, et pour étudier l’émissiondesBF. Un exemple d’utilisationde cesméthodes pour le calcul de limites sur un paramètre libre dumodèle choisipour la description de l’émission est donné dans Sec. 4.4, avec un jeu de don-nées fictif d’observations qui est défini dans Sec. 4.3. Les manières possiblesd’inclure les incertitudes systématiques dans les limites finales sont présentéesdans Sec. 4.5. Les performances de notre framework pour reconstruire un fauxsignal avec une valeur injectée du paramètre libre sont montrées dans Sec. 4.6.Cette première partie se conclut par une synthèse et des perspectives. La deux-ième partie du chapitre se concentre sur la description des méthodes basées surle réseau de neurones bayésien, où nousmontrons comment nous avons testé uncadre BNN pour apprendre la forme spectrale du signal et la proportion spatialelorsqu’une émission dominante de fond non triviale est présente. Les bases desréseaux de neurones sont présentées dans Sec. 4.8. Nous introduisons ensuitele mélange dit additif, pour indiquer la composition des émissions de signal et defond dans un espace de paramètres spatio-spectraux. Cela se fait dans Sec. 4.9.Les expériences que nous avons poursuivies sont montrées dans Sec. 4.10 et lesrésultats finaux, où nousmontrons que notre modèle est capable de récupérer laforme spectrale du signal et sa proportion spatiale, sont présentés dans Sec. 4.11.Nous concluons le chapitre par un résumé des méthodes basées sur les réseauxde neurones, avec également quelques perspectives possibles sur la façon dontce pipeline peut être appliqué pour démêler un signal MN faible en présence d’unbruit de fond non trivial. Au moment de la rédaction, les résultats obtenus avecles cadres de réseaux de neurones bayésiens ont été soumis à ICLR2023 [64].
Le Chapitre 5 est une description générale de la région CG à THE. Nous com-mençons par unbref résumédes observations duCGàplusieurs longueurs d’ondeen Sec. 5.1. Ensuite, Sec. 5.2 présente les sources astrophysiques TeV observéesdans la région. Les émissions étendues mesurées au THE sont présentées dans

Sec. 5.3. Le chapitre se termine par Sec. 5.4, qui concerne les débits sortantsmesurés à partir de la région CG à THE, avec un accent particulier sur la structuredes BF à double lobe, qui est encore contrainte par H.E.S.S. dans ce travail.
Le Chapter 6 décrit en détail le grand ensemble de données d’observationsde la région du CG recueillies entre 2014 et 2020, l’ensemble de données dit InnerGalaxy Survey (IGS). Dans un premier temps, Sec. 6.1 se concentre sur les objectifsscientifiques de l’enquête et présente en détail les positions de pointage choisiesau fil des années. Le jeu de données d’observation est décrit dans la Sec. 6.2, avecle résumé des observations du CG pendant la phase I de la H.E.S.S. et pendant laphase II, qui inclut l’IGS. Les paramètres de la prise de données sont présentésdans Sec. 6.3, où les distributions d’angle de zénith et de décalage et les cartesde signification et de ciel en excès sont indiquées. L’étude systématique réaliséepour avoir une estimation de l’incertitude systématique affectant un ensemblede données aussi large est présentée dans Sec. 6.4. Les modèles de fond que
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nous construisons avec des observations extra-galactiques et des simulations parexécution de l’ensemble de données IGS mesuré sont présentés dans Sec. 6.5.L’étude approfondie de la systématique affectant cet ensemble de données estprésentée en détail et quelques résultats généraux en sont dérivés. Cette enquêtea été adaptée à cet ensemble de données et aux analyses présentées dans cetravail, mais les concepts généraux peuvent être appliqués pour comprendre lesincertitudes systématiques dans d’autres analyses. Nous finalisons le chapitreavec quelques conclusions et la perspective de ce que l’ensemble de données IGSpeut être utilisé.
Dans le Chapitre 7, nous montrons les résultats de la recherche de l’émissiondes BF avec le jeu de données IGS. Les BF sont une structure géante à double lobes’étendant jusqu’à∼ 55◦ au-dessus et au-dessous de la région CG. Cette émissiona déjà été détectée par le Fermi-LAT jusqu’à des énergies de centaines de GeV.Dans l’analyse de Fermi, l’émission semble plus brillante et plus dure aux basseslatitudes galactiques, où nous avons le pic d’exposition avec l’ensemble de don-nées IGS. De plus, le spectre de Fermi ne montre aucune indication de coupure,que nous pourrions rechercher aux énergies TeV avec H.E.S.S.. Dans Sec. 7.3,nous résumons brièvement comment le jeu de données IGS peut être utilisé pourla recherche de l’émission des BF à basse latitude au TeV. Dans Sec. 7.2, nousdéfinissons la région d’intérêt (ROI), appelée plus tard la région ON, que nousutilisons pour rechercher l’émission. Pour cela, nous prenons le gabarit spatialde l’analyse de Fermi. Nous utilisons le modèle spatial pour définir notre re-tour sur investissement, en considérant les pixels avec une luminosité de sur-face supérieure à 8,5 et en supposant que le modèle spatial est indépendant del’énergie. Dans la même section, nous expliquons comment nous avons utiliséla méthode Reflected Background pour mesurer le bruit de fond résiduel dansla région d’intérêt, en utilisant les régions OFF réfléchies par la région ON parrapport à la position de pointage. Nous dérivons ensuite des distributions decomptage d’énergie, où nous collectons les photons mesurés dans les régionsON et OFF dans des bacs d’énergie. Dans la même section, nous expliquonségalement toutes les coupes d’analyse appliquées et les régions d’exclusion util-isées pour masquer les sources astrophysiques THE connues dans le CG. Dansla même section, nous dérivons l’excès de signification dans les mêmes casesd’énergie utilisées pour les distributions dans la région ON, en suivant la procé-dure Li&Ma définie dans le chapitre où nous présentons les méthodes statis-tiques. Un net excès positif est visible dans les intervalles de basse énergie, depuisle seuil d’énergie à 300 GeV jusqu’à environ 2 TeV. La signification intégrée au-dessus du seuil d’énergie est de 9.2 σ. Dans Sec. 7.4, nous montrons quelquestests de performance, où nous essayons de récupérer un signal injecté dans notrejeu de données avec le framework TS. Ceci est fait pour évaluer la sensibilité denotre instrument pour récupérer un signal des bulles à l’ordre du flux détectédans l’analyse Fermi-LAT. Dans Sec. 7.5, nous montrons le H.E.S.S. spectre dérivé
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pour l’émission des BF avec des points de flux observés différentiels d’énergieet des limites supérieures de flux. Les résultats finaux ont été recoupés avecdeux chaînes d’analyse alternatives, produisant les mêmes résultats. L’excès auxbasses énergies se confirme et on peut tracer des points de flux dans les qua-tre premières tranches d’énergie, depuis le seuil jusqu’à environ 2 TeV. À 1 TeV,l’émission de BF est mesurée par H.E.S.S. à ∼ 1.2× 10−9 TeV cm−2 s−1 sr−1. Dansla même section, nous expliquons comment nous avons inclus les incertitudessystématiques estimées au chapitre 6 dans le spectre final. A partir d’un ajuste-ment conjoint des résultats spectraux de Fermi et H.E.S.S., nous pouvons obtenirla coupure d’énergie sur le spectre photonique, Ecoupure = 1.4 TeV. De plus, nousdérivons des contraintes sur les caractéristiques des spectres d’éventuelles pop-ulations de particules mères pour l’émission des BF. En considérant des mod-èles leptoniques simples, la limite de coupure est de 4.7 TeV. Pour les modèleshadroniques simples, la limite de coupure est de 11.2 TeV.Nous tenons à soulignerque ces résultats ont été dérivés pour l’analyse principale où l’étude approfondiedes incertitudes systématiques n’a pas encore été incluse. Les résultats ne sontdonc qu’une possibilité, car ils changeront lorsque l’effort en cours sera inclus.Le chapitre se termine dans Sec. 7.6 avec quelques perspectives sur d’éventuelstravaux futurs pour la caractérisationde l’émissiondesBF et l’inclusiondeplusieursétudes encore en cours sur la systématique affectant l’analyse. Au moment de larédaction, les résultats obtenus sur les FB sont en préparation pour une soumis-sion à Nature d’ici quelques mois [140].
Le Chapitre 8 montre les résultats de la recherche de signaux d’annihilationMN de la région CG avec l’ensemble de données IGS. Nous commençons dans

Sec. 8.2 avec un résumé sur la façon dont l’ensemble de données IGS peut êtreutilisé pour rechercher MN. La procédure de mesure de l’émission de fond estprésentée dans Sec. 8.2, où nous définissons la ROI et les régions d’exclusion,nous expliquons comment la méthode du fond réfléchi a été appliquée et nousmontrons la distributions de comptage d’énergie pour les régionsONetOFF. Dansla même section, nous montrons des cartes du ciel d’importance excessive et ex-cessive pour l’ensemble de données IGS. Nous montrons ensuite à quoi ressem-blerait le signal attendu de MN, avec des spectres théoriques de photons aux én-ergies TeV provenant de l’auto-annihilation de MN, et quelle distribution de MNattendue dans le CG nous supposons pour l’analyse. Puisque nous n’avons ob-servé aucun excès significatif dans les distributions de comptage d’énergie, nouscalculons les limites supérieures à 95% C.L. sur la section efficace d’annihilationmoyennée en vitesse ⟨σv⟩ des particules WIMPs MN, le paramètre libre sur nosmodèles supposés. Le calcul est effectué avec le cadre LLRTS précédemmentdéfini. Plusieurs canaux d’annihilation pour les WIMP sont testés, avec un rap-port de branchement de 100%, ce qui signifie que deux WIMP s’annihileraientcomplètement dans le canal mentionné. Nous adoptons un profil de distributioncuspy MN au centre de notre Galaxie. Les limites par rapport à la masse MN sont
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présentées dans Sec. 8.3, comme les limites supérieures observées calculées avecles distributionsONetOFF et les limites supérieures attendues où 300 réalisationsde Poisson sont obtenues à partir des mesures OFF, indépendamment pour lesdistributions ON et OFF. Pour les limites attendues, des valeurs moyennes, 1 et2σ sont extraites des distributions des limites obtenues avec les réalisations pourchaque valeur de la masse. Dans toutes les limites, l’incertitude systématique af-fectant l’ensemble de données IGS est incluse en tant que paramètre de nuisancegaussien. Dans la même section, nous montrons également la comparaison denos limites avec d’autres expériences. Notre dérivation apporte les limites lesplus contraignantes dans la gammedemasse du TeV, ouvrant la voie aux analysesavec observations CTA. Pour les WIMP qui s’annihilent dans le canal d’annihilation
W+W− , nos limites atteignent 3.7 × 10−26 cm3s−1 pour une masse de particuleMN de 1,5 TeV. Dans le canal τ+τ−, les limites atteignent 1.2× 10−26 cm3s−1 pourunemasse de particuleMN de 0.7 TeV, traversant les valeurs ⟨σv⟩ attendues pourles particules MN s’annihilant avec une section efficace thermique-relique. A 1.5TeV demasse deMN, nous obtenons un facteur d’amélioration de 1.6 par rapportaux résultats précédents obtenus avec H.E.S.S. en 2016. De plus, nous montronscomment nos limites se dégraderaient en supposant d’autres profils de MN cœurou cuspy. L’impact de l’incertitude systématique sur les limites est expliqué endétail dans Sec. 8.4. Nous concluons avec des perspectives possibles à partir desobservations futures de la région CG dans Sec 8.5. Les résultats présentés dansce chapitre ont été publiés dans Physical Review Letters [7].

Dans Chapter 9 nous recherchons le signal d’annihilation MN à partir d’unesélection d’une poignée d’OFNIS. Nous introduisons d’abord pourquoi les sous-halos MN sont prédits par des simulations cosmologiques dans Sec. 9.2. Dans
Sec. 9.3, nous montrons les quatre objets Fermi non identifiés sélectionnés pourl’analyse H.E.S.S. du catalog Fermi 3FHL. Dans la même section, nous expliquonsl’analyse des données de Fermi des OFNIs sélectionnés et comment ils peuventêtre modélisés avec des modèles de matière noire. Ensuite, l’ensemble de don-nées d’observation H.E.S.S. et l’analyse sont présentés dans Sec. 9.4. Dans cettesection, nous présentons les cartes du ciel en excès et en signification, la méth-ode que nous avons utilisée pour la mesure du bruit de fond et les distributionsd’énergie des événements obtenues, construites à partir des régions ON et OFF.Puisqu’aucun excès significatif n’a été observé ni dans le FoV ni aux positionsOFNI,nous avons dérivé 95% C.L. limites supérieures des paramètres libres pour lemodèle supposé deMN auto-annihilant. Le calcul et quelques détails supplémen-taires sont présentés dans Sec. 9.5. Puisqu’aucune mesure cinématique stellairen’est disponible pour ces objets, les paramètres libres pour cette analyse sont
⟨σv⟩×J . Le dernier terme décrit la distribution de MN dans l’objet observé, etdans ce cas ne peut pas être calculé. Nous dérivons des limites supérieures sur ceproduit, à la fois pour chaque ensemble de données individuel et pour l’ensemblecombiné. Pour cette combinaison, nous testons deux méthodes : au niveau du
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comptage et au niveau de la fonction de vraisemblance. Le second est démontrécomme le plus sensible aux fluctuations des jeux de données individuels, donccelui choisi pour ne pas perdre d’informations. En supposant un MN thermique,nous pouvons dériver des limites supérieures sur le facteur J uniquement. En-suite, des limites peuvent être obtenues à partir de simulations cosmologiques àN corps. Nous discutons de cela et de l’incertitude liée dans Sec. 9.6. L’émissiond’OFNIs est exclue à partir de MN jusqu’à ∼ 300 GeV, avec le jeu des limites is-sues de nos observations H.E.S.S. et des simulations cosmologiques à N corps.Nous concluons avec quelques perspectives pour d’éventuelles observations fu-tures des OFNIs en Sec. 9.7. Les résultats présentés dans ce chapitre ont étépubliés dans The Astrophysical Journal [10].
Le Chapitre 10 montre l’étude sur la portée de sensibilité de la générationactuelle d’IACT aux signaux d’annihilation de MN, en utilisant des ensembles dedonnées fictifs d’observations CG. Pour ces études, nous calculons le flux attendude photons provenant de l’annihilation duMNen utilisant le rendement de rayonsgamma de l’art. Nous montrons cela dans Sec. 10.1, avec une brève descriptiondes spectres des candidatsMN canoniques tels que leWino, le Higgsino et leQuin-tuplet et les dérivations les plus avancées pour la distribution MN dans le CG ré-gion, compte tenu de la rétroaction du baryon et de nouvelles mesures stellaires.Ensuite, Sec. 10.2 présente comment nous avons traité les émissions connuesde THE dans la région CG, qui sont un fond irréductible. Nous montrons dansla même section comment le retour sur investissement est défini et les taux debruit de fond et de signal attendus dans la région. Nous présentons également lesméthodes statistiques classiques qui sont ensuite utilisées pour la dérivation dela sensibilité. L’ensemble de données utilisé pour le calcul des limites est obtenuà partir du fond résiduel attendu des rayons cosmiques, qui est modélisé avecles paramètres obtenus à partir de la mesure des expériences CR. Nous ajoutonségalement certaines émissions conventionnelles connues, comme le PeVatron,l’émission BFs et le signal pulsar milliseconde d’un modèle spatial de renflementCG stellaire. Les limites sont indiquées dans Sec. 10.3, pour plusieurs canauxd’annihilation, pour les candidats MN canoniques considérés dans ce travail etpour les canaux neutrinos. La MN constituée de Winos est exclue pour toutes lesdistributions de MN que nous utilisons dans ce chapitre jusqu’à 10 TeV. Le niveaude sensibilité actuel ne peut pas sonder la masse thermique pour le HiggsinoMN.Cependant, le niveau de section efficace théorique du Higgsino peut être atteintpar la sensibilité du courant pour desmasses d’environ 6.5 TeV, due à la résonanceinduite par Sommerfeld. La sensibilité actuelle exclut les valeurs thermiques pourQuintuplet DM. Les incertitudes systématiques et la manière dont elles peuventaffecter les limites finales sont explorées dans Sec. 10.4. Ici, nous montrons lesincertitudes théoriques données par la différence des rendements gamma et desprofils de distribution MN. L’incertitude sur la mesure du bruit de fond est intro-duite comme paramètre gaussien de nuisance. Enfin, nous testons le pouvoir
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de reconstruction de notre cadre lorsque nous modifions les modèles générantnotre émission de fond et injectons un faux signal MN dans notre jeu de donnéesfictif. Nous concluons avec des perspectives futures possibles dans Sec. 10.5. Aumoment de la rédaction, les résultats présentés dans ce chapitre ont été soumisà Physical Review D [282].
ConclusionUne étude de la région du Centre Galactique et plusieurs analysespour la recherche de signal de matière noire à Très Haute Énergie, utilisant desjeux de données H.E.S.S. , sont présentées dans cette thèse.
Des méthodes statistiques appropriées pour la recherche d’un signal faibledans des ensembles de données dominés par le fond sont expliquées. Des mod-èles plus classiques, comme le cadre largement connude log-vraisemblance-rapport-test-statistiques sont utilisés pour les analyses présentées dans ce travail. Unenouvelle approche basée sur les cadres de réseaux de neurones bayésiens estintroduite et appliquée sur un ensemble de données synthétiques avec un sig-nal injecté et un arrière-plan non trivial. Nous montrons comment ce cadre peutrécupérer la description spatiale et spectrale du signal lorsque le fond est dom-inant. Les efforts en cours visent à appliquer cette architecture sur des jeux dedonnées astrophysiques réels, par exemple la recherche de signal MN.
Le halo intérieur de la Voie Lactée est un environnement plein de possibilitéspour tester l’astrophysique à Très Haute Énergie. Poussée par cela, la H.E.S.S. Col-laboration a observé de manière approfondie les quelques degrés intérieurs au-tour du centre galactique avec le réseau complet de cinq télescopes. Cet ensem-ble de données, connu sous le nom d’Inner Galaxy Survey, se compose de 6 ansde données de haute qualité pour un total de 546 heures en temps réel, collec-tées entre 2014 et 2020. Il est décrit en détail, enmettant l’accent sur les détails del’exposition et les paramètres de la prise de données. Les travaux en cours pour ledéveloppement de modèles de fond pour ces observations du centre galactique,utilisant des observations extra-galactiques et des simulations par séquences del’ensemble de données Inner Galaxy Survey, sont introduits.
L’une des émissions importantes dans le halo intérieur de la Voie lactée estcelle des bulles de Fermi. Cette émission de bulles à double lobe, détectée auxbasses latitudes par le satellite Fermi-LAT , est analysée à partir des observationsde l’Inner Galaxy Survey. Nous présentons l’analyse H.E.S.S. pour dériver le spec-tre des bulles et nous montrons les points de flux détectés pour des énergiescomprises entre 300 GeV et ∼ 2 TeV. À 1 TeV, l’émission de BF est mesurée parH.E.S.S. à ∼ 1.0 × 10−9 TeV cm−2 s−1 sr−1. Les contraintes sur les populations departiculesmères générant l’émission deBF peuvent être obtenues avec cette anal-yse. Les lois de puissance de coupure exponentielle sont testées pour lesmodèlesleptoniques et hadroniques, mais les résultats ne peuvent pas définir de manièresignificative une valeur pour la coupure d’énergie, par conséquent, seules deslimites inférieures peuvent être énoncées. En H.E.S.S., des études dédiées sonten cours pour approfondir les incertitudes systématiques et mieux contraindre
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l’émission pour des énergies supérieures à 2 TeV.
Le CentreGalactique est également la cible la plus prometteuse pour la recherchede signaux d’annihilation MN puisqu’il est le plus proche et qu’il devrait hébergerune grande quantité de matière noire. Les observations IGS sont utilisées pourdériver les limites les plus contraignantes, pour les canaux d’annihilation explorésdans ce travail, sur ⟨σv⟩ des particules de matière noire pour les particules MNde masses TeV. En considérant le canal χχ → W+W−, nos limites atteignent

3.7×10−26 cm3s−1 pour unemasse de particuleMNde 1.5 TeV. Dans le canal τ+τ−,les limites atteignent 1.2 × 10−26 cm3s−1 pour une masse de particule MN de 0.7TeV, traversant les valeurs ⟨σv⟩ attendues pour les particulesMN s’annihilant avecune section efficace thermique-relique. A 1.5 TeV de masse MN, nous obtenonsun facteur d’amélioration de 1.6 par rapport aux résultats précédents de l’analyseH.E.S.S. en 2016. Des cibles complémentaires pour la recherche de signaux DMsont les sous-halos DM candidats.
Nous avons effectué une analyse sur une sélection de ces sous-halos parmiles sources de haute énergie du catalog 3FHL Fermi-LAT sans autre contrepartieastrophysique. Pour cette recherche, les limites supérieures du signal de matièrenoire sur le produit des paramètres libres ⟨σv⟩×J , à la fois pour chaque ensemblede données individuel et pour celui combiné sont dérivées. L’émission d’OFNIs enterme de MN a été exclue jusqu’à 300 GeV de l’analyse H.E.S.S. . En supposantun MN thermique, nous pouvons dériver des limites supérieures sur le facteur Juniquement.
La portée en terme de sensibilité avec la génération actuelle d’IACTs, et en par-ticulier avec H.E.S.S., au signal d’annihilation des particules de matière noire estexposée dans ce travail. Pour cette étude, nous utilisons un jeu de données fictifdes observations de l’Inner Galaxy Survey, créé à partir du fond résiduel attendudes rayons cosmiques et du fond conventionnel comme les émissions d’une pop-ulation de milli-pulsar dans le renflement galactique, les BF et le Pevatron dansle Centre Galactique. L’état de l’art des rendements gamma pour le calcul desflux de photons attendus de MN annihilant est utilisé. Une nouvelle dérivationde la distribution MN dans le CG, y compris la rétroaction du baryon et les cal-culs cinématiques stellaires, a été appliquée. Des limites ont été dérivées pourles recherches MN indépendantes du modèle. La sensibilité aux candidats MNcanoniques tels que le Wino, le Higgsino et le Quintuplet est explorée. La matièrenoire théorique de Wino est exclue jusqu’à 10 TeV. Le niveau de sensibilité actuelatteint la section efficace théorique de Higgsino pour desmasses de l’ordre de 6.5TeV, du fait de la résonance induite par Sommerfeld. La sensibilité actuelle exclutles valeurs thermiques pour Quintuplet DM. Nous explorons largement commentl’évaluation des différentes incertitudes peut affecter les résultats finaux.
Ce travail apporte de nouvelles informations importantes sur une nouvelle ap-proche pour le démêlage d’un signal dans un ensemble de données dominé parl’arrière-plan avec une architecture de réseaudeneurones bayésien. LeH.E.S.S. IGS,
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qui constitue les observations les plus sensibles disponibles à ce jour de la régiondu CG aux énergies du TeV, est présenté en détail. La recherche du signal BFmon-tre la capacité de contraindre cette émission étendue avec H.E.S.S.. De nouvelleslimites importantes sur ⟨σv⟩ des particules MN sont obtenues avec l’IGS et les ob-servations H.E.S.S. des candidats subhalo MN. Enfin, des repères ont été établissur la sensibilité aux signaux de matière noire pour la génération actuelle d’IACT.
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Introduction

The study of non-thermal processes in the Universe, the most violent ones, hasbeen pioneered by Very High Energy astrophysics (VHE, E ≥ 100 GeV). Galac-tic objects, like supernova remnants and black holes, or extra-galactic ones, likethe active galactic nuclei, accelerate cosmic rays which emit gamma-rays, photonsat energies higher than the MeV energies. The mechanisms responsible for theorigin and the acceleration of cosmic rays are still widely debated. The GalacticCenter is one of the most promising regions in the sky for these investigations.A diffuse TeV gamma-ray emission has been detected close to the central super-massive black hole Sagittarius A∗. This detection has been claimed as a hint fora proton accelerator up to PeV energies, i.e. a Pevatron. More recently, other 12sources have been identified with photons of energies up to 1.4 PeV. An extendedVery-High-Energy emission has been detected by the Fermi-LAT experiment aboveand below the Galactic Plane, the Fermi Bubbles. This emission is brighter at lowlatitudes and shows no hint for an energy cutoff in the Fermi analysis, thus open-ing the question of what can be done at TeV energies.
Very High Energy gamma-rays are a laboratory for the study of fundamentalphysics beyond the standard model of particle physics. 85% of the matter in theUniverse is dark. The nature of this elusive component is still puzzling. Among thebest candidates to describe darkmatter are non-baryonicmassive particles whichcan interact gravitationally and through the weak force with the standard matter.These particles are known as weakly interacting massive particles (WIMPs). WhenWIMPs massive enough are considered, they can self-annihilate in dense regionsof the Universe producing TeV gamma-rays. The most promising region to ob-serve signals from annihilating dark matter is the Galactic Center and the few de-grees of sky around it. Alternative targets are darkmatter subhalos, which are pre-dicted to be hosted byMilky-Way-like galaxies by cosmological simulations. Thesetargets are dominated by the presence of dark matter and host no gas, thereforecould be a clear confirmation of an eventual dark matter signal detected in theGalactic Center.
ImagingAtmospheric Cherenkov Telescopes (IACT) canobserve Very-High-Energygamma-rays. The High Energy Stereoscopic System (H.E.S.S.) is an array of 5 IACTsobserving gamma-rays in the energy range between around 50 GeV and tens ofTeV. The Galactic Center region can be observed by H.E.S.S. at high sensitivity,
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thanks to the ideal position of the array in the Southern hemisphere. This regionof the sky is promising for observations because of possible dark matter signalsin the masses range which cannot be probed by the colliders. Many importantconstraints have been derived on dark matter and Very-High-Energy emissionswith observations of the Galactic Center region and dark matter subhalo candi-dates. The future array of IACTs, the Cherenkov Telescope Array (CTA), will pushthe sensitivity in the TeV energy range to study even deeper these emissions.
Since the Galactic Center region is one of the most promising laboratories forstudying Very-High-Energy astrophysics, what can we do with H.E.S.S. observa-tions of it?
In this PhD thesis, I describe the extensive program of observations of theGalactic Center region with H.E.S.S., the Inner Galaxy Survey. This dataset is usedfor the search for the Fermi Bubbles emission and for dark matter annihilationsignals from the inner halo of the Milky Way. Other searches for dark matter sig-nals are presented with observations towards dark matter subhalo candidates.Novelties on Bayesian Neural Network frameworks for the discrimination of aweak signal in a background-dominated dataset are discussed. Studies on thefinal reach in sensitivity to dark matter signals from the Galactic Center regionwith the current generation of IACTs are presented.
Thefirst part of the thesis is introductory. The fundamental concepts on Very-High-Energy astrophysics, the H.E.S.S. telescopes array, the statistical methodsused in this work and the nature of dark matter are presented. Chapter 1 showsconcepts on the astrophysics of gamma-rays production through the accelerationmechanisms of cosmic rays. The H.E.S.S. telescopes and a concise description ofthe detection, observation and background measurement techniques is made inChapter Chapter 2. The dark matter paradigm, the best particle candidates fordark matter and the current understanding of the expected dark matter distribu-tion in the Galactic Center region are reported in Chapter 3. The expected signalfor indirect detection of dark matter and of the most promising Very-High-Energygamma-ray targets are also presented. In the last chapter of the first part I an-swer the question: which new advanced statistical methods can we apply to thestudy of a weak signal? Chapter 4 shows the statisticalmethods and performancetests for characterizing the results and the uncertainties. Classical methods withthe application of log-likelihood-test-statistics as well as Bayesian Neural Networkframeworks are presented and applied for the discrimination of a weak signalin the presence of non trivial background. The Bayesian Neural Network frame-works are a novel approach that can be applied on astrophysical datasets. At themoment of the writing, the results obtained with our Bayesian Neural Networkframework have been submitted to ICLR2023 [64].
In the secondpartof the thesis, theGalactic Center region at Very-High-Energyis explored. Chapter 5 is an introduction. A brief description of the Very-High-Energy sky in theGalactic Center region is given here. First, the observations of the
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Galactic Center at multi-wavelengths are introduced. The known TeV astrophys-ical sources populating the Galactic Center and the extended Very-High-Energyemissions that have been detected in the region are described. The chapter isconcludedwith a brief report on the Very-High-Energy outflowsmeasured aroundthe Galactic Center. In this, I also introduce the Fermi Bubbles, the double-lobestructure detected by the Fermi-LAT satellite at GeV energies. This emission showsno hing for a cutoff up to ∼ TeV and it is brighter in the inner halo of the MilkyWay. The Inner Galaxy Survey is presented in detail in Chapter 6. I first intro-duce the scientific goals of this extended program of observations. This datasetcan be used to search for dark matter annihilation signals from the Galactic Cen-ter region and for the Fermi Bubbles emissions, given that the exposure of theSurvey is higher in the region where the latter is expected to show at TeV ener-gies. The observational dataset before the advent of H.E.S.S. phase II, when thearray was composed by only the four small telescopes, and after it, with the fullfive-telescopes array is described. A detailed presentation is given about the pa-rameters of the data taking of the Survey, such as the zenith and offset angles ofthe observations and excess and significance sky maps. Two extensive sectionsare then dedicated to the description of the study of the systematics affectingthe dataset and the procedure that I am implementing to build background mod-els from extra-galactic observations and run-wise simulations of the Inner GalaxySurvey observational runs. The second part concludes with Chapter 7, where Ipresent the search for the low-latitude Fermi Bubbles (FBs) emission with H.E.S.S..
Fermi-LAT already investigated the low-latitude Bubbles, but what can we achievewith H.E.S.S. observations? For this search, I use the Inner Galaxy Survey datasetand define a region of interest from the Fermi-LAT spatial template of the Bubblesto derive new constraints on the emission at TeV energies, where the satellite ex-periment cannot observe photons and cannot detect any hint for a cutoff on theGeV spectrum. I show the results of the detection of the Bubbles with H.E.S.S..With these constraints, new limits can be derived on the models of the parentparticle populations that can explain the emission. However, several systematicuncertainties affecting the analysis are still being studied. At the moment of thewriting, the results shown in this chapter are being prepared for a submission to
Nature within a few months [140].

Thenew results for the search of darkmatter annihilation signalswithH.E.S.S. arereported in the third part of this work. I already introduced how the Inner GalaxySurvey is used to search for the Fermi Bubbles, but how can it be used to ob-tain new constraints on dark matter signals? In Chapter 8, I show new results forthe limits on the velocity-weighted annihilation cross section of self-annihilatingWIMPs with the Inner Galaxy Survey observations. The obtained limits are themost constraining ones in the TeV mass range for the tested annihilation chan-nels. This work includes the estimate of the systematic uncertainties affecting theInner Galaxy Survey dataset in the final limits. The results shown in this chapter
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have been published in Physical Review Letters [7]. Chapter 9 presents anothersearch for dark matter annihilation signals. In this case, candidate dark mattersubhalos are observed by H.E.S.S.. The selection of the candidates was performedamong the sources with no conventional astrophysics counterparts in the 3FHL
Fermi-LAT catalog of sources at high energies. We call these objects unidentified-Fermi-objects. The selection has been performed to find the best candidates assubhalos and easily observable with H.E.S.S.. Our analysis excludes the emissiondetected from the unidentified-Fermi-objects as from dark matter. To obtain thefinal limits, a joint fit of H.E.S.S. and Fermi-LAT data analyses is performed. Usingcosmological N-body simulations, more stringent constraints can be obtained onthe sources. The results shown in this chapter have been published in The As-
trophysical Journal [10]. The last chapter, i.e. Chapter 10, explores the reach interms of sensitivity to dark matter annihilation signals with the current genera-tion of IACTs and in particular with H.E.S.S.. For this work, I have created a mockdataset of measurements mimicking the current status of observations towardsthe inner halo of the Milky Way with the Inner Galaxy Survey. I use state of theart gamma-ray yield computations for the expected spectra of photons from an-nihilating dark matter and dark matter distribution profiles in the Galactic Center.Sensitivity limits are obtained in several channels for model-independent darkmatter annihilation. The reach of H.E.S.S. for measurements of photons emittedfrom dark matter annihilating in neutrino channels is also tested. Finally, limitsare computed for WIMPs canonical candidates such as the Wino, Higgsino andQuintuplet, showing what are the possible achievements with the current gener-ation of IACTs. At the moment of the writing, the results shown in this chapterhave been submitted to Physical Review D [282].
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Chapter 1

Astrophysics at TeV energies
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In this chapter, the astrophysics and the underlying processes regarding Very-High-Energy (VHE, E ≳ 100 GeV) gamma rays will be succinctly introduced. Theacceleration of cosmic rays in the Universe is induced by various mechanisms.Very-High-Energy gamma rays can be produced through leptonic and hadronicparticle physics processes. These gamma rays are used to study phenomena,amongst the most violent, in the non-thermal Universe. In Sec. 1.1, we introducethe fundamental concepts for the model of the non-thermal Universe. Sec. 1.2and Sec. 1.3 are devoted to the presentation of the acceleration mechanisms ofcosmic rays and the subsequent production of gamma rays. In Sec. 1.4, some ofthe astrophysical accelerators of cosmic rays are presented. Sec. 1.5 introducesthemain instruments that observe the non-thermal VHE Universe via the direct orindirect detection of gamma rays. In Sec. 1.6, we present how Very-High-Energygamma-ray detection can be used to study some forefront topics of fundamentalphysics. General and detailed reviews of High Energy Astrophysics can be foundin Refs. [252, 329].

1.1 Preamble
The thermal radiation is the light emitted by the Sun, the stars and the light bulbs,and more generally by matter in thermal equilibrium. The continuum black-bodyspectrum is characteristic of the thermal radiation and follows the Stefan-Boltzmannlaw (E ∝ T 4). The wavelength and frequency ν of this radiation depends on thetemperature of the body emitting it (ν ∝ T ). The frequency is larger as the objectis hotter. Light at the highest energy is not produced thermally because there isno object hot enough to produce this. Photons of this light are commonly knownas gamma-rays and are the results of non-thermal processes implying particle in-teraction with ambient medium or fields. The temperature of the source does notinfluence or characterize the non-thermal radiation. VHE gamma-ray astronomystudies the non-thermal Universe, which relates to processes of extreme particleacceleration. These processes can take place in astrophysical environments suchas black holes, explosion or merging of massive stars.

1.2 Cosmic-ray acceleration processes

1.2.1 Spectra of cosmic rays
Cosmic rays (CRs) is the nameassociatedwith high-energy protons, electrons/positronsand atomic nuclei moving through space at nearly the speed of light. These canbe emitted by the Sun, from outside of the Solar System in our own galaxy or fromdistant galaxies as well. A shower of secondary particles is produced by the im-pact of cosmic rays with Earth’s atmosphere. Victor Hess and Domenico Pancini
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excluded the terrestrial origin of the radiation coming from the showers gener-ated by cosmic rays after the observation of electroscopes discharging sponta-neously in the air. Pancini and Hess studied this radiation: Pancini found that theradiation decreases in deep waters [298] and Hess showed that it increases withaltitude [199]. Millikan introduced the term cosmic rays for this extraterrestrialradiation in 1928 [275].CRs have been observed in wide energy range and they can be classified aslow-energy (LE) in the E < 50 MeV energy range, high-energy (HE) for the rangebetween 50 MeV and 100 GeV, VHE for energies between 100 GeV and 100 TeV,ultra-high-energy (UHE) for energies above 100 TeV and up to 100 PeV and finallyextremely-high-energy (EHE) at energies above 100 PeV. In Fig. 1.1, we show themeasured power-law like CR spectrum [94]. Some features are distinguishable:a modulation at low energies due to Solar wind activity, the "knee" at energiesof about 1015−16 eV with a spectral index change, and the "ankle" at 1018−19 eVwith a spectrum change. The rate of detection of CRs drastically decreases withincreasing energy. Below the knee, the CR spectrum shows an index of ∼ 2.7,which then changes to∼ 3.3 between the knee and the ankle and it goes to∼ 2.6above the ankle. Galactic origins are assumed for CRs at LE and HE, while thoseabove the ankle have likely extragalactic origins because they are accelerated tosuch high energies by extragalactic sources like active galactic nuclei. A transi-tion between the Galactic and extragalactic CRs is expected in the intermediateenergy range. At VHE, CRs get to Earth with a rate of 1 particle/(m2yr). Above
1020 eV, no detection of CRs was expected because EHE CRs can efficiently inter-act with the Cosmic Microwave Background (CMB) radiation through processes
γCMB + p → p + π0 or γCMB + p → n + π+ and loose energy. This is known as theGreisen–Zatsepin–Kuzmin (GZK) cutoff [295]. EHE CRs were detected by Auger,and this puts a limit on the distance of their source of about 50 Mpc1, called theGZK horizon, such that the probability that CRs survive during the travel is larger.
1.2.2 First and second-order Fermi acceleration processes
The acceleration of charged particles happens when they interact with irregulari-ties of amagnetic field. The concept of the CR acceleration processwas introducedby Enrico Fermi in the ’50s. He developed the second order Fermi accelerationmechanism [170].Clouds in the interstellar medium perfectly ionized are perfect conductors.They show irregularities in the magnetic field distribution if they are initially mag-netized. An incoming relativistic particle with an incoming velocity ≃ c, enters thecloud which moves with velocity u. The particle then moves randomly inside thecloud and interacts with it. It is reflected off with increased energy because of

1A parsec is defined as 3.26 light-years. Proxima Centauri, the nearest known star to Earthother than the sun is about 1.3 parsecs away (approximately 4.25 light years) [288].
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Figure 1.1: The CR spectrum spanning energies from 108 to 1021 eV. The featuresknown as the knee and ankle are highlighted. The rate of CRs for different energiesare given. A power-law with index ∼ 2.7 is shown in green. Figure extracted fromRef. [94].
elastic diffusion on magnetic structures. The cloud is acting as a magnetic mir-ror: it accelerates head-on particles and decelerates head-back ones. The particlecan gain, on average, an energy ⟨∆E/E⟩ = 8/3(u/c)2 = 8/3β2 [170]. This mech-anism is second order because the gain per reflection depends on β2. However,the whole detected CR spectrum cannot be explained with this theory. In fact,this mechanism cannot explain particles accelerated above the GeV energies. Alinear gain with u/c would explain the spectrum more efficiently since u/c << 1.A sketch of the second order Fermi acceleration mechanism is shown in the leftpanel of Fig. 1.2.

To solve the problems connected to the second order acceleration, the latterwas revisited in the ’70s and the first order Fermi acceleration mechanism wasdeveloped. This mechanism is known as diffusive shock acceleration [50, 67]. Theacceleration happens because of the interaction of a relativistic particle with astrong shock wave at supersonic velocity. Particles are present both in the frontand the back of the shock which propagates in the interstellar medium. Since
10



they cross the shock from both directions, the particles are scattered isotropi-cally. In the gas rest frame, a shock wave approaches upstream with speed u1and the velocity of the gas beyond the shock is u = u1 − u2 > 0, with u2 beingthe velocity of the gas in the shock wave rest frame. A relativistic particle cross-ing the shock upstream with speed v and angle θ with respect to the directionof the shock wave benefits from a small increase of energy ∆E = E(u/v)cosθand is scattered behind the shock. At each passage, the average gain through theshock front is ⟨∆E/E⟩ ≃ u/c. At rest with the gas downstream, the gas is ap-proaching the shock to the front with approaching speed u. So the same small in-crease of energy is transmitted to a particle crossing the shock front downstream.Therefore, a particle crossing the shock several time will benefit from many en-ergy increase. The collisions are always head-on and there is no lost of energyby crossing. Considering a full upstream-downstream-upstream passage, an av-erage gain is of ⟨∆E/E⟩ = 4/3(u/c) = 4/3β, i.e. it increases linearly with β. After
n cycles in the acceleration region, the probability that the particle does not es-cape is of P n = ( 1 − ⟨∆E/E⟩ )n. The number of particle after n cycles, startingwith the initial number N0, will be Nn = N0P

n. After n cycles, the energy of theparticles is En = E0(1 + ⟨∆E/E⟩)n = E0ϵ
n. Therefore N/N0 = (E/E0)

lnP/lnϵ. Theparticles spectrum can then be approximately written to dN/dE ∝ E−1+(lnP/lnϵ).Considering lnP/lnϵ ≃ −1, gives a spectral index ∼ 2 at the source. Then, the dif-fusion of the CRs through the medium produces a softer spectrum, with an indexof 2.3-2.7, far from the accelerators. A sketch of the first order Fermi accelerationmechanism is shown in the right panel of Fig. 1.2.

Figure 1.2: Sketch of the second and first order Fermi acceleration mechanismsin the left and right panels, respectively. Figure extracted from Ref. [254].

1.3 Production mechanisms of gamma rays
The production of VHE gamma-rays can happen through the acceleration of elec-trons and positrons via leptonic processes, or protons and nuclei via hadronicones [329]. Depending on the energy range which is considered, the relevance ofthe given acceleration process changes. The range of energies up to tens of keVis dominated by the Synchrotron radiation, while the GeV energy range is popu-latedmainly by photons from the bremsstrahlung process. In the GeV-TeV energy
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range, the Inverse Compton Scattering becomes the dominant process togetherwith pion decay. We present briefly each mechanism in what follows. More de-tailed reviews can be found in Refs. [95, 252].

1.3.1 Leptonic processes
The interaction of a charged particle with an electromagnetic field produces Syn-
chrotron radiation. The acceleration produces radial movement of the particlewhichmoves in a spiral trajectory around the lines of themagnetic field. We showin Fig. 1.3 the production of synchrotron emission by a fast electron that is bentin a magnetic field. This radiation covers a wide range of energies from radioto X-rays in the electromagnetic spectrum and is polarized. The energy of thesynchrotron radiation emitted by relativistic electrons moving in a typical galacticmagnetic field is expressed as:

Esyn ≃ 0.05

(
EeTeV

)2(
B

3 µG
)
eV. (1.1)

The term Ee is the energy of the incident electron with respect to the lines of thegalactic magnetic field. A parent population of electrons following the spectralpower law dNe/dEe ∝ E−α
e , with α index of the power law, result in a gamma-ray

spectrum of dNγ/dEγ ∝ E
−(1+α)/2
γ . In the left panel of Fig. 1.3, we show a sketchfor the Synchrotron radiation.

When a particle, mainly an electron or a positron, decelerates due to the de-flection of a Coulomb field of an atomic nucleus the Bremsstrahlung, or brak-ing radiation, is produced. The incoming electron loses energy, which is con-verted into a continuum spectrum of photons. Above a few tens of MeV, theBremsstrahlung is the dominating radiating process for electrons/positrons. Formuons, it dominates above a few hundreds of GeV because the radiation is in-versely proportional to the mass of the incoming particle, therefore muons loseenergy slower than electrons. The interaction of electrons with energy E withatoms and molecules can trigger the production of gamma-rays of frequency upto ν = E/h. On average, the energy of the gamma-ray is about 1/3 of the energyof the accelerated particle, i.e. ⟨E⟩γ = ⟨E⟩e/3. Therefore, electrons acceleratedup to tens of TeV can produce gamma-rays at TeV. Dense environments are bet-ter to host this process because high density of atomic nuclei can favor the de-celeration of the particles. The central panel of Fig. 1.3 shows a sketch for theBremsstrahlung.
The interaction between an accelerated electron and a low energy photon isknown as the Inverse Compton Scattering (ICS). This process consists of thecooling of a relativistic electron which transfers energy to photons. In the rightpanel of Fig. 1.3, we show a sketch of how the energy of the electron is lost in
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the interaction where the photon gains it. The maximum frequency in the ob-server frame is ν/ν0 ≃ 4γ2, with γ the Lorentz factor. The spectrum is peakedtowards the average frequency, and that can be seen from the average frequency
⟨ν⟩/ν0 ≃ 4/3γ2. Considering the interaction between a charged particle with en-ergyEe andmassmwith a target photon of energyE, happening in non-relativisticregime (E << m2), the cross section of the ICS interaction is close to the Thomp-son one, i. e. σICS = σT(1 − 2κ0), with κ0 = E/m2. The Thompson cross sec-tion is σT ≃ 6.65 × 10−25cm2. The scattered photon in this regime has an energy
Eγ ≃ E2/m2. The ICS cross section changes in the ultra-relativistic Klein-Nishinaregime (E >> m2) to σICS = 3/8σTκ

−1
0 ln(4κ0). In this case, the photons producedcan have the sameenergy as the initial electron. Fromaparent particle populationof electrons with a spectrum following dNe/dEe ∝ E−α

e , gamma-ray spectra fol-
lowing dNγ/dEγ ∝ E

−(1+α)/2
γ and dNγ/dEγ ∝ E

−(α+1)
γ ln(κ0 + const) are producedin the Thompson and Klein-Nishina regimes, respectively.

Figure 1.3: Leptonic mechanisms for the production of VHE gamma-rays. Left
panel: Synchrotron radiation production through interaction of a charged par-ticle with a magnetic field. Figure extracted from Ref. [239]. Central panel:Bremsstrahlung process producing gamma-rays when an electron breaks in theelectric field of a positively charged nucleus. Figure extracted from Ref. [219].
Right panel: Inverse Compton Scattering producing VHE gamma-rays when a veryenergetic electron is scattered against a low energy photon and their energy isexchanged. Figure extracted from Ref. [219].

1.3.2 Hadronic processes
The interaction of accelerated protons with the interstellar gas produces neutralpions. Subsequently, pions decay into photons [346]. We show in Fig. 1.4 a sketchof the accelerated protons interacting with a proton in the interstellar medium.This ends up producing charged and neutral pions in the fractions of 1/3 of neutralpions π0 and 2/3 of charged pions π+ and π− [223]. Hadronic photoproduction,given by the interaction of accelerated protons with photons is also relevant forthe production of pions. Muons and subsequently neutrinos are produced fromcharged pions, while pairs of gamma-rays are produced from the decay of neutralpions, in the process π0 → γ + γ, with a 98.8% branching ratio and a lifetime of
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τπ0 = 8.4×10−17 s. TeV gamma-rays are produced most efficiently by this process.The distribution of gas which is the target for the incident protons is traced by thegamma-ray emission. The energy threshold of this interaction is at 2mπ0 ≃ 270MeV. The maximum of the gamma-ray spectrum at Eγ = mπ0/2 ≃ 67 MeV is aspecific feature of this emission. From an initial spectrum of the parent particlepopulation of protons following dNp/dEp ∝ E−α
p , a gamma-ray spectrum follow-ing dNγ/dEγ ∝ E−α+0.1

γ is produced due to a slight dependence of the inelastic
pp interaction with energy [223]. A clear signature of proton acceleration by anastrophysical object would be a joint detection of neutrinos from charged piondecay and gamma-rays from neutral pion decay.

Figure 1.4: Accelerated protons interacting with the photons of the interstellarmedium producing pions. Charged pions decay into muons and the correspond-ing neutrinos, while the neutral ones produce a pair of gamma-rays.

1.3.3 Dark matter decay and annihilation processes
The phenomena involving DM interactions such as the self-annihilation of darkmatter (DM) particles or their decay can produce gamma-rays. The latter can bethe result of primary or secondary processes. We keep the description of theproduction of gamma-rays through DM annihilation and the expected gamma-ray spectrum for Sec. 3.8.

1.4 Some astrophysical accelerators of cosmic rays
The explosion of a star more massive than 8 times the Sun into a supernova re-sults in a Supernova Remnant (SNR) [119]. A supernova explosion is the lastburst of life of a very massive star. The core of the star, once the outer layers havebeen expelled through the supernova explosion, implodes into a white dwarf,a neutron star or a black hole. The difference between the three depends onwhether the star has a mass below 10 (it becomes a white dwarf), between 10
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and 29 (it becomes a neutron star) or above 30 solar masses (it becomes a blackhole). When the star turns into a white dwarf, it then accretes mass until the col-lapse. The remnant structure is made out of expanding material ejected duringthe explosion that creates a shock front. The shock of SNR can accelerate cosmicrays that then produce gamma-rays [180]. The CR acceleration is driven by about10% of the energy of the explosion. The first SNR detected in VHE gamma-rays byH.E.S.S. is SNR RXJ1713.7-3946 [34].
Short and intense jets of gamma-rays from extragalactic processes are knownas Gamma-Ray Bursts (GRBs). These phenomena are transient and among thebrightest ones in the Universe. The explosion of a very massive star into a blackhole or the merging of two neutron stars (or a neutron star and a black hole) canproduce GRBs. The detection of prompt GRBs gamma-rays has been performedby Fermi-LAT up to about 50GeV. Their luminosity is about 1052−54erg/s. In the keV-MeV energy range, hundreds of GRBs have been detected [86]. MAGIC detecteda prompt emission of GRBs above 300 GeV [259]. A longer-lived emission, theafterglow, is produced after the first gamma-ray jet by the interaction of the ejectaand the interstellar medium. H.E.S.S. detected also for the first time VHE gamma-rays from a GRB afterglow above 100 GeV [328].
A compact region at the center of a galaxy with very high luminosity over someportion of the electromagnetic spectrum can be an Active Galactic Nuclei (AGN).AGN can be powered by a supermassive black hole at the center of the galaxy.These black holes havemasses up to a billion times themass of the Sun. In opticaland X-rays, an accretion disk of gas is visible rotating around them. Gamma-raysin highly collimated relativistic jets are also produced by AGNs [93]. The objectis known as a blazar if the jet is pointing towards Earth (at an angle smaller than

∼ 20◦). Hundreds of these are detected at GeV energies and tens at TeV. Themainprocesses producing gamma-rays in this case are ICS on synchrotron electrons.The synchrotron self-Compton process is a standard interpretation for AGN spec-tra [262]. The role of hadronic processes in the emission is not yet settled. Theprotons can be accelerated by the jets up to EeV energies. Among the brightestblazars spectra are the flares from PKS 2155-304 [37].
Massive stars with nuclei between 1.5 and 2.9 solar masses exploding in su-pernovae can then produce Pulsars (PSR) [197]. Later, the winds generated bythe pulsar can power a Pulsar Wind Nebulae (PWN). After the ejection of theouter layers, the remaining core can be a neutron star with high rotation rate.Charged particles are accelerated by the strong magnetic field which traps themin beams and then ejects themby the poles. Since the emitted jets are periodicallyobserved by Earth giving the effect of pulsations, the objects are called pulsars.The typical periodicity of the pulsation is of the order of the second. The Vela Pul-sar is one of the most energetic gamma-ray emitting PSR [189]. H.E.S.S. recentlydetected TeV events from the Vela Pulsar [162]. The particles following the linesof the magnetic field around the PSR are not ejected in the beams but rotate with
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the neutron star itself. However, at a large enough distance the particles cannotrotate with the star anymore otherwise they would be forced to go faster thanthe speed of light. The particles therefore escape the PSR at this distance, whichis known as the light cylinder [266]. These particles are then injected in the inter-stellar medium and form the so-called pulsar wind nebula. Once outside the lightcylinder, particles can be accelerated through shock waves in the medium via ICS,which can effectively produce gamma-rays [63]. The Crab Nebula is the most ob-served PWN in VHE gamma-rays [32] and was also used as a standard candle formeasurements in Very-High-Energy astrophysics.

1.5 Gamma-ray experiments

1.5.1 Space-based experiments

The direct detection of gamma-rays is performed by experiments carried on satel-lites, which are outside Earth’s atmosphere. They can detect gamma-rays from afewMeV up to about a hundred GeV because of the small size, which reflects theiracceptance in the order of ∼ 1 m2. Their duty cycle is almost 100% since they arealways observing and do not suffer the alternation of day and night. They can ben-efit of modest angular resolution around 0.15◦-0.35◦, very good energy resolution
∼ 10%E and a wide field of view (FoV) > 2 sr. Currently operating gamma-ray tele-scopes are the Fermi-LAT and AGILE. AGILE (Astro-Rivelatore Gamma a ImmaginiLeggero) was launched in 2007 [30]. The satellite is equipped with a Gamma-RayImaging Detector (GRID) which covers the 30 MeV-50 GeV energy range, the sil-icon X-ray detector SuperAGILE covering the range between 18 and 60 keV, thenon-imaging gamma-ray scintillator detector Mini-Calorimeter (MCAL) coveringthe range of 350 keV-100MeV. It is equippedwith an anticoincidence detector thatacts as a veto. Fermi-LAT is located on the Fermi Gamma-ray Space Telescope ob-servatory, formerly known as theGamma-ray Large Area Space Telescope (GLAST)[171]. The Fermi-LATenergy range covers 20MeV-300GeV, reaching an energy res-olution lower than 10%. It can cover a field of view wider than 2 sr and affordingan angular resolution lower than 0.15◦ for energies larger than 10 GeV [171]. TheLarge Area Telescope Instrument is shown in Fig. 1.5. The experiment contains ananticoincidence detector, a tracker and a calorimeter. The detector discriminatesagainst the background and it acts as a veto. This part of the detector flasheswhen CRs pass in. The gamma-rays are then converted to electron and positronpairs by the tungsten foils located in the tracker. They are finally stopped by theiodide calorimeter which can then measure the total energy of the initial gammaray.
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Figure 1.5: The Fermi-LAT space telescope and its instruments: the Large AreaTelescope and the Gamma-ray Burst Monitor. Figure extracted from Ref. [151].
1.5.2 Ground-based experiments

Water tanks experiments

The secondary charged particles of the shower produced by the primary gamma-rays interacting with the atmosphere are detected by water tanks experiments.Since the particle shower develops quite rapidly in the atmosphere and the tar-get/charged particles are mostly in the core of the particle shower, these experi-ments are located at the highest altitude possible, to probe the shower core. Whilethe charged particles in the shower travel inside the water tanks, they produceCherenkov light detectable with photomultipliers (PMTs). Then, the energy anddirection of the primary incoming gamma-ray can be reconstructed. The spatialdistribution of their hits in the tanks array is used to discriminate between gamma-rays and CRs. The large surface of the tanks based experiments allows the detec-
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tion of photons at VHE energy, with best sensitivity beyond the TeV. These exper-iments benefit frommodest energy resolution∼ 50% E, good angular resolutionof 0.2-0.8◦, pretty large FoV ∼1 sr and long duty cycle ∼ 90%. The two main wa-ter tank gamma-ray observatories are the HAWC (High Altitude Water Cherenkovobservatory) [193] and the Water Cherenkov detector facility part of the LHAASOexperiment [160]. The LHAASOWater Cherenkov Detector Array (WCDA) facility isa close-packed surface with water Cherenkov detectors with a total area of about78,000 m2. It is built at 4410 meters of altitude in the Sichuan province of China.The layout of LHAASO is shown in Fig. 1.6. More details can be found in Ref. [250].

Figure 1.6: The layout of the LHAASO experiment with all the facilities composingit. The zoomed portions of the layout show the WCDA, some electromagneticparticles (ED) and muon (MD) detectors and the wide field-of-view air Cherenkovtelescopes array (WFCTA) Figure extracted from Ref. [250].

Ground-based Atmospheric Cherenkov telescopes

The indirect detection of VHE gamma-rays is performed by ground-based imag-ing atmospheric Cherenkov telescopes (IACTs). The gamma-rays interact withthe molecules of the atmosphere and trigger a shower of charged particles thatproduce Cherenkov light. IACTs are sensitive to gamma-rays between tens ofGeV and about a hundred TeV. They benefit from excellent energy resolution
∼10% E and angular resolution of < 0.1◦. However, the IACTs duty cycle is short,
i.e. 10−15% because no observations are performed during day time. Moreover,since the FoV is modest,∼ 5◦corresponding to∼ 10−1 sr, observations with IACTs
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are pointed. We present more details about the detection technique with IACTs inChap. 2. The main currently operating IACTs are H.E.S.S.(The High Energy Stereo-scopic System) [138], MAGIC (Major Atmospheric Gamma-ray Imaging Cherenkovtelescope) [260] and VERITAS (Very Energetic Radiation Imaging Telescope ArraySystem) [361]. We summarize the main characteristics of these arrays of tele-scopes in Tab. 1.1. On theMAGIC site in La Palma, the telescope FACT (First G-APDCherenkov Telescope) [169] was mounted in 2011 to test a new technology thatwill be applied for CTA (Cherenkov Telescope Array), the future of the CherenkovTelescopes array. FACT camera uses Geiger-mode avalanche photodiodes (G-APDs) instead of the usual photomultiplier tubes. The avalanche photodiodes aremore robust, can work at lower voltage and can detect photons with better effi-ciency. These pixels have also been tested when hit by strong moonlight, with thegoal to provide a longer duty cycle which is crucial for the detection of transientemission.
Name Hemisphere Altitude Number of telescopes Mirror area Number of pixels FoV Ethr[m] [m2] [deg.] [TeV]
H.E.S.S. South 1800 4+1 108/600 960/2048 5/3.2 0.1/0.03MAGIC North 2225 2 234 574 3.5 0.06VERITAS North 1275 4 106 299 3.5 0.1

Table 1.1: Main characteristics of the three currently operating arrays of IACTs:H.E.S.S., MAGIC and VERITAS.

1.6 Very-High-Energy gamma rays as messengers
In this Section we will briefly present which fundamental physics subjects can beinvestigated with VHE gamma-rays.Very-high-energy gamma-rays canbeused to search forDMsignals. Wepresentmore details about this with H.E.S.S. observations in Part III of this work.The Universe is considered opaque to photons, because the latter travel inthe medium, interact with background light and create pairs of electrons andpositrons. Therefore, photon absorption due to the interaction with backgroundradiation can be studied too. Gamma-rays in the GeV-TeV energy range can be ab-sorbed by the Extragalactic Background Light (EBL), whereas ultra-high-energygamma-rays (> 100 TeV) could interact also with the Cosmic Microwave Back-ground (CMB). The attenuation of the gamma-ray spectrum is of a factor exp(−
τ (E, z)), which depends on the energy of the gamma rays and the distance of thesource z by the optical depth τ (E, z). According to standard EBL models, such asthe Franceschini one from Ref. [177], the optical depth of gamma-rays with en-ergy 10 TeV is about 0.5 for sources located at redshift z = 0.01 (corresponding toa distance of about 45 Mpc) and it increases up to 100 for sources as far as z = 1(about 3 Gpc).
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The speed of light can vary with energy due to the modification of the pho-ton dispersion relation as predicted by some quantum gravity models. Lorentz
Invariance Violation (LIV) is studiedwith the observations of VHE transient short-lived phenomena like GRBs, flares of AGNs or PSRs. LIV signatures could be foundin time lags between two energy ranges or deviations from the standard spectra,besides the corrections that need to be taken into account for the interaction ofthe photons with the EBL. H.E.S.S. studied LIV with observations on PKS 2155-304[98] and Mrk 501 [253] flares.Hypothetic black holes formed in the very early Universe, knownasprimordial
black holes (PBH), can give distinct VHE signatures. These are formed just afterthe Big Bang in very dense regions and not from collapse ofmassive stars, formingastrophysical black holes. Themass range of PBH can span awide range, from thePlanck mass to thousands of solar masses. The search for gamma-ray flares withduration from several microseconds to several seconds can probe evaporation ofPBH with m∼1015 g. This reference mass is used because all PBHs roughly lighterthan this value would have completely evaporated in the present Universe [191].H.E.S.S. set constraints on the PBH evaporation rate [354].Gamma-rays are the result of radiative processes of VHE CRs. Therefore thestudy of the sources accelerating CRs at TeV-PeV energies can bring new infor-mation on the processes of the acceleration of particles, on the objects acceler-ating the CRs up to the knee and the very origin of Galactic cosmic rays. Thesesources can be related to SNR, PSR, AGNs and supermassive black holes. In thiscontext, H.E.S.S. [18] and LHAASO [111] have been reporting measurements ofgamma-rays at hundreds of TeV.
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Chapter 2

The H.E.S.S. observatory
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This chapter is dedicated to explain how the H.E.S.S. (High Energy StereoscopicSystem) experiment works. The photons produced by the Cherenkov showers,the result of Very High Energy primary photons interacting with the atmosphere,are detected by the H.E.S.S. array. We explain the mechanism at the base of theproduction of the Cherenkov light, then the technique used for the detection ofVHE light and the standard methods adopted for the background rejection. Atthe end of the chapter we also discuss the performance of the array. Sec. 2.1 isdedicated to the description of the atmospheric showers of particles. We describeone of the experiments in this field, the H.E.S.S. array of Cherenkov telescopes inSec. 2.2. Sec. 2.3 and Sec. 2.4 are dedicated to the description of the events se-lection techniques and observation methods, respectively, used in H.E.S.S.. Theinstrument response functions (IRFs) and sensitivity of the instrument are ex-plained in Sec. 2.5. The event reconstruction techniques used during the differentphases of H.E.S.S. are described in Sec. 2.6. Finally, Sec. 2.7 briefly describes theH.E.S.S. data takingmonitoring day shift, forwhich I have been recently nominatedpart of the supervising team.

2.1 Atmospheric showers of particles
When an incident primary particle interacts with the Earth atmosphere, a showerof secondary particles can be produced in the latter. From the primary particle’snature, the interactions that the former undergoes in the atmosphere may differ.This results in particle showers with specific features [79].
2.1.1 Creation of particle showers

Electromagnetic shower

The electromagnetic shower produced in the atmosphere consists of a cascadeof photons, electrons and positrons. The shower is initiated by a primary particlewhich is either a photon or an electron/positron. A gamma-ray interacting withmatter produces an electron-positron pair. Then, radiation is emitted by the elec-tron and the positron. The former is composed by other gamma-rays that aredue to the bremsstrahlung interaction close to atomic nuclei. The developmentof the shower is due to the repetition of these processes and contains positrons,electrons and photons. If the primary particle possesses enough energy, the pro-cesses can be propagated. With enough energy the pair production can start,if the primary particle is a photon, or the energy can be irradiated through thebremsstrahlung, if the initial particle is a CR electron. The propagation of theshower is halted when the photons have not enough energy left to keep pro-ducing pairs or other energy loss mechanisms other than bremsstrahlung (e.g.
ionization) start developing. This happens after the threshold in energy at Ethr =
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800 MeV/(Z + 1). Through the radiation length X0, we can define the distancetraveled by the shower, i.e. the length or depth of it. The former is characteristicof every material. For a photon, the length is defined as the distance on which 7/9of the initial energy of the photon Eγ,0 is lost. For an electron, it corresponds tothe distance for which the electron has lost all but 1/e of its energy. The photonstravel slightly deeper in the atmosphere. An approximate definition of the depthis
X = X0

ln(Eγ,0/Ethr)

ln 2
. (2.1)

The width of the shower evolves as a function of the electron multiple scattering.The largest part of the shower never leaves a region of twice the Molière radius
RM. The latter is the radius of the cylinder that, on average, contains 90% of theenergy in the shower initiated by the incident particle on the atmosphere. It isdefined as RM = 0.0265 X0(Z + 1.2) and it is characteristic of the material. Thesketches of electromagnetic and hadronic showers are shown in Fig. 2.1.
Hadronic shower

The development of the showers created by the interaction of hadrons with theatmosphere is more complicated and is the result of nuclear interaction and de-cay. The showers also include sub-components: (i) hadronic ones from nuclearfragments, (ii) the nuclear interaction of CR hadrons with the atmosphere pro-duces kaons and charged pions that can decay into muons and correspondingneutrinos and (iii) the muons decay in electrons, producing photons and possiblysub-showers. The various interactions taking place make the hadronic showerwider than the electromagnetic one. Moreover, it shows sub-showers inducedby high-momentum particles created in inelastic collision, and thus these onescan be highly displaced from the shower axis. The nuclear interaction length λis used to define the depth of the shower. The former is the mean path that ahadron travels in a material before undergoing inelastic nuclear interaction. Inthe air, λ > X0, so the starting point of the hadronic showers is deeper in the at-mosphere compared to the electromagnetic ones. A sketch of a hadronic showeris shown in the right panel of Fig. 2.1.
2.1.2 Cherenkov light emission
Cherenkov light is produced by charged particles traveling through a medium atrelativistic velocities. This emission appears when the particle travels in amediumwith refractive index n such that its speed v is larger than the speed of light in thesame material, i.e., v > c/n. The speed of light in the material, given by u = c/n,is smaller than the particle speed v, i.e. v > u. The light is emitted in a cone withangle α such that

cosα =
u

v
. (2.2)
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Figure 2.1: Sketch of an electromagnetic (left) and hadronic showers (right) in thetop panels. Top panels are extracted from Ref. [305]. The development of a sim-ulated electromagnetic shower initiated by a 300 GeV gamma-ray in the atmo-sphere is shown in the bottom left panel. The bottom right panel shows the de-velopment of a simulated hadronic shower initiated by a 1 TeV CR proton. Theinteraction of the proton is deeper and the produced shower is wider, with sub-showers displaced from the core of the shower. Bottompanels are extracted fromRef. [79].

The maximum value of the angle is such that cos(αmax) =
1
n
. If the incident par-ticle is energetic enough, electrons and positrons can get to relativistic velocitiessuch that Cherenkov light is produced [363]. For the shower with electrons, theenergy threshold is Ethr = ythrmec

2, where ythr = [1 − 1/n2]−1/2. In the atmo-sphere, the threshold assumes the value of ∼20 MeV at 10 km altitude, without
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considering the attenuation. VHE gamma rays are not directly detected (they donot reflect on mirrors), they are observed through the Cherenkov light producedin the shower they initiated. The latter peaks at around 400 nm, covering thewavelengths between 300 and 700 nm. The maximum intensity of the Cherenkovlight corresponds to the peak of sensitivity of PMTs. However, optical light emittedfrom stars is in this range of wavelengths. Therefore, this has to be consideredas a background for the detection of the Cherenkov light. For a VHE gamma raywith a primary interaction depth of 10 km, the light pool produced by the showeron the ground has a diameter of about 250 m if the scattering of electrons is in-cluded. The ground-based Cherenkov telescopes that are situated inside the poolare designed to detect the Cherenkov photons, as shown in Fig. 2.2.

Figure 2.2: Sketch of Cherenkov light emitted by an electromagnetic shower in theatmosphere. Four IACTs are placed inside the cone of the Cherenkov light.
The Cherenkov photons get to the ground in a few ns. This happens right aftertheir first production in the shower, therefore is crucial to equip the telescopeswith PMTs with GHz acquisition electronics in the cameras of the telescopes. Thegeometry of the electromagnetic shower and the image produced on the focalplane of the camera, when the image is reflected on the mirror of the telescope,are shown in Fig. 2.3. The parameters describing the shower can be reconstructedthrough the Cherenkov light detected by each PMT of the camera. Camera imagesof particle showers initiated by a muon, a hadron and a photon are shown inFig. 2.4. Through the spatial and temporal analysis of the camera images we canrecover pieces of information like the energy, the direction and the nature of theprimary particle, interacting with the atmosphere.

2.2 The High Energy Stereoscopic System
The acronym H.E.S.S. indicates the High Energy Spectroscopic System, consistingof an array of five IACTs. Four of the telescopes are of smaller size and are visible
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Figure 2.3: Image of an atmospheric shower of Cherenkov light on the focal planeof the camera of an IACT. The image on the focal plane is shown after reflectionon the mirror of the telescope.

Figure 2.4: Images of atmospheric showers in the camera. From left to right, show-ers induced by a muon, a hadron and a photon are shown, respectively.
in Figure 2.5 at the corners of a square of 200 m size. They stand at each cardinalpoint. The fifth larger telescope is at the center of the square. The location siteof the instrument is in the Namibian region of Khomas Highland, at geographiccoordinates 23◦16’17” S and 16◦30’00” E, on a plateau at 1800 m of altitude abovethe sea level. The dry climate, mild temperature and reduced luminous pollutionhave been considered for the choice of this region. The H.E.S.S. array stands ina unique position in the Southern hemisphere and this makes it the best amongthe currently operating IACTs to observe the Galactic plane and, in particular, the
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Galactic Center region at VHE. The H.E.S.S. Collaboration consists of more than260 researchers from 13 countries and 40 institutes.

Figure 2.5: The H.E.S.S. array of IACTs. The phase one small telescopes CT1-4 arevisible at the corners of the array. The large phase two telescope CT5 is at thecenter. Figure extracted from Ref. [138].
The first phase of the experiment started in 2003with the four small telescopes[207]. The small telescopes are known as CT1-4 and each one of these is built overa metallic rotating structure that can move in the azimuth and zenith directions(Alt-Az mount). The structure supports a camera and a Davies-Cotton mirror ofdiameter 12 m [242].In each of the small telescopes, the mirror is a group of 382 smaller circularmirrors, whose area sums to 108 m2 [80, 144]. For construction, all the facetsare at the same focal length f . This results in a discontinuous surface. The focallength is 15 m and the focal ratio f/d is 1.2. Given the way in which the mirrortiles are aligned, the focus is positioned at the camera. In the Cherenkov lightwavelength range, the reflectivity is better than 80%. The fast drive in the mountof the mirror controls the movement of the telescopes in altitude and azimuth.The drive is supervised by servo-controlled AC motors and backup battery-drivenDC motors. To move the telescope, the system can reach a speed of 100◦ perminute. A stability within 0.15 mrad rms is reached over the full range covered inaltitude. This is guaranteed by the support of the mirror.At the focal point position of each telescope, a camera is mounted. In eachcamera, 960 photomultipliers (PMTs) are mounted with a field of view (FoV) of0.16◦ (3 mrad) each. Each PMT is identified as a pixel. The total FoV is of 5◦ in di-ameter. Winston cones are applied on the front of each PMT, in order to decreasethe dead zones, increase the surface dedicated to light collection and focus the
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light onto the active area of the PMT. The pixels are grouped by 16 into 60 draw-ers. Triggering and readout of the events is completed with electronics integratedinto the camera body. For a single telescope, the average trigger rate is 200-300Hz. The effective pixel coincidence window is ∼ 1.5 ns.In 2014, the second phase of the data taking of the experiment started, withthe addition of the fifth larger telescope completely built in 2012. This telescope isknown as CT5 [236]. It has a diameter of 28m, for a total area of 614m2 ofmirrors.The whole shape of the mirror is parabolic, considering the 875 hexagonal mirrorfacets. The focal length is 36 m. CT5 is shown in Fig. 2.5, at the center of the array.The drive that moves along the azimuth can reach a peak positioning speed of200◦ per minute, whereas the elevation one 100◦ per minute. About 1 mm ofdisplacement accuracy is obtained. The pixels of the camera are again hexagons,counting 128 pieces. A total of 2048 PMTs are equipped with Winston cones. Thediameter of the camera is 2 m, covering a FoV of 3.2◦ on the sky. The integrationtime for the effective signal is 16 ns. The typical rate for a mono trigger of CT5 is1.5 kHz.The small telescopes’ cameras had the electronics upgraded in 2015-2016, toimprove the overall performances of the array [183]. The upgrade reduced thedead time of the stereo mode, the failure rate due to aging of the system andimproved the general performances. The upgrade of the electronics was basedon the NECTAR readout chips [290]. The readout time was reduced from 450 µsto 15 µs in order to work in stereoscopic mode, in coincidence with CT5 at highertrigger rate. A renovation of cabling scheme, power supply and pneumatics havealso been performed.

2.3 Event identification and selection

2.3.1 Definition of the trigger systems and data quality cuts
Events are selected at a low level and a significant part of the background canbe rejected (around 95%). To do so, three thresholds have been defined. First,the number of photoelectrons in a single pixel is counted. This threshold (S1)defines a pixel that triggers but rejects the electronic noise and pedestal. Thesecond threshold (S2) is defined according to the number of nearby pixels that aretriggered in the same sector of the camera. This threshold identifies the telescopethat are triggered. The last threshold (S3) is the number of telescopes that aretriggered, and is defined as the stereoscopic one. For the H.E.S.S. I phase, S1 wasfixed to 4 photoelectrons per pixel, S2 was defined as 3 pixels per sector and S3as 2 telescopes.The identification of the primary particle is based on the shape of the shower.For instance, a muon shower shows a ring-like signature on the camera. More-over, this shower is rarely seen in more than one telescope [359] because it is
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produced by particles with high momentum in hadronic showers far away fromthe shower core. These particles are isolated and requiring stereoscopy can ef-ficiently reject them. The reconstruction of shape and direction of the showeris improved by applying the stereoscopy in the array of telescopes, as shown inFig. 2.6. The direction of the shower is reconstructed by taking the intersection ofthe directions prolonged from the major axes of the images of the shower recon-structed in each telescope.
Further quality cuts are added after the triggering. The pixels that are not usedin each camera, because they are either broken or turned off due to the presenceof bright stars, cannot exceed 10%. The global trigger rate must be above 70% ofthe average of the list of observations (run list, with a single observation of 28min-utes named run). The variation of the trigger rate between the small telescopeshas to be less than 10%. A weather station and an infrared LIDAR monitor thesky conditions to detect clouds. This is done because conditions like high humid-ity, temperature or presence of clouds can strongly alter the trigger rate or showinhomogeneities in the FoV [157].

Figure 2.6: Sketch of the reconstruction through the stereoscopy technique withtwo telescopes showing the images of the air shower in the cameras of telescopesand the reconstructed source position.
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2.3.2 Development of telescope-wise data quality cuts
Quality cuts on the selection of data at low-level are crucial to distinguish whetheran observational run can be used for data analysis or not. These cuts can be used,for instance, to monitor whether the trigger rate of each individual telescope is atthe right level. Another example is the amount of deactivated pixels during a runfor bright objects inside the FoV. Setting an adequate threshold on the numberof deactivated pixels can determine whether a run can be used for data analy-sis or not. The cuts can be also used to visualize whether the subsystems of thetelescopes were within some standard quality criteria during the observations.However, the latter may not be the same for all telescopes involved in the ob-servations because for instance, many of the subsystems, like the Camera or theRadiometer measuring the temperature of the Camera of the telescopes, are notthe same for all telescopes. Due to this reason, at the time of the writing, I havebeen involved in the development of telescope-wise data-quality-cuts to improvethe low-level monitoring of the subsystems of the telescopes. The goal is to im-plement different cuts for each of the five telescopes and for each subsystem,in order to have a precise screening of the status of the subsystems during theobservations. This will also help to more accurately address any possible aris-ing issue, knowing that the subsystems have specifically tailored quality criteria.These cuts are in development in the H.E.S.S. database [136].
2.3.3 Calibration of the instrument
The analysis is performed in different steps, including the calibration, the parametriza-tion of the image and the reconstruction of an event. Then the properties of theprimary particle are determined. To reconstruct the signal amplitude, several pa-rameters are needed. The ratio between the gains at low and high level in theamplification channels are considered first. Then the value of the pedestals in thetwo channels. The gain in both channels is considered after. The final parameterconsidered is the coefficient of flat-field in each pixel, which is necessary to obtainan uniform output over the camera. To calibrate the instrument, dedicated runsare performed to measure these parameters. Through this step, the photoelec-tron signal is properly converted into ADC counts. Calibration is done once thatthe broken pixels are detected and excluded. Ref. [243] shows more details onthe calibration of CT1-4 upgraded cameras. The same, but for the camera in CT5,is shown in Ref. [117]. Through the instrument calibration, the night sky back-ground (NSB) can be measured. The latter is produced by bright light spots or dif-fuse optical light, for instance star light, light from the planets and zodiacal light.When no Cherenkov light is measured, the NSBmeasured in the PMTs dominatesthe electronic noise. For measurement at large Galactic latitudes, it represents asingle-photoelectron rate of about 40-100 MHz, whereas up to 400 MHz can bereached in the vicinity of the Galactic center. The NSB strongly affects the width
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of the pedestals and therefore the energy threshold [153].
2.3.4 Analyses chains for the reconstruction of the events
The step after the calibration consists in reconstructing the image of the showerson the cameras. Depending on the reconstructed characteristics of the shower,events are classified as either gamma-like or hadron-like. The events are extractedfrom the runs that satisfy the selection criteria previously mentioned. Two mainchains exist for the H.E.S.S. selection and data analysis.
Hillas parameter reconstruction

The first-developed chain is based on the moments of the image of the showeron the camera, since the gamma-ray showers show an almost elliptical shape inthe camera. This first chain is known as HAP [139]. The geometrical parametersare known as the Hillas parameters [202, 201]. The latter are:
• the RMS of the signal on the axis perpendicular to themain one of the ellipse(the image on the camera), also called width;
• the RMS of the signal along the main axis: the length;
• the center of gravity;
• the orientation of the ellipse;
• the angular distance between the pointing position of the telescope and theexpected position of the target.

Semi-analytical shower modeling

The Model++ analysis chain was also developed [153]. This analysis chain is usedfor the main analyses of all the studies presented in this work. The distribution ofthe Cherenkov light on the camera is simulated for the comparison to the actualdistribution of the measured Cherenkov light in each pixel through a χ2. The par-ticle distribution parameterization used to build a model of the electromagneticshower is built with KASKADE [230]. The parameterization is built in longitude,latitude and angles coordinates. It also accounts for the depth of the interaction,the collection efficiency and other factors like the atmospheric conditions affect-ing the atmospheric absorption. In addition, the NSB is considered on a pixel-by-pixel basis for building the model [153]. Broken and inactive pixels are also takeninto account. Several parameters can be considered to estimate the distributionof the Cherenkov photons in the camera:
• how the shower developed in longitudinal coordinates;
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• how charged particles are developed in the same coordinates;
• the energy of electrons/positrons initiating the shower;
• how they are positioned with respect to the pointing position of the tele-scope;
• the rate at which Cherenkov photons are produced;
• the spatial distribution of the latter with respect to the electrons;
• the opacity of the atmosphere.

The detector is simulated using SMASH [188], to account for instrumental fea-tures that include the collection efficiency and reflectivity of the mirrors, the Win-ston cones, the geometry of the telescopes, the photoelectrons-to-ADC countsconversion, response function, the integration window, and the local and centraltrigger systems. Simulations at different conditions are performed for gamma,electrons, protons and nuclei. The former includes different zenith angles, im-pact distance and energy bins. The images of the Cherenkov light in the camera,that are obtained by the simulations, and the shower development are storedthrough lookup tables. To compare the measured and the simulated showers, amaximum likelihood test is computed on a pixel-by-pixel basis. The log-likelihoodfunction for the test is taken as: lnL(x|µ) = P (x|µ, σel, σNSB) and it represents theprobability that a signal x is observed in a pixel where the expected intensity is
µ. This assumes that the width of the electronic background and NSB are σel and
σNSB, respectively. The total likelihood is the sum over all pixels Npixel. Throughthe comparison of measured and simulated showers, we can tag gamma-like andhadron-like events. The quality of this comparison is evaluated through param-eters known as the mean scale shower goodness (MSSG) [153]. This shows theagreement between the gamma-ray shower templates and the measurement inthe pixels, knowing the electronic background and the NSB. To define the MSSG,we consider the difference between the log-likelihood function and the MonteCarlo simulations predicted likelihood, i.e. lnL(xi, µi) and ⟨lnL|µi

⟩, respectively.The MSSG is written as:
MSSG = −2

∑
i[lnL(xi, µi)− ⟨lnL|µi

⟩]√
2 d.o.f.

. (2.3)
The number of degrees of freedom d.o.f. isNpixels=6 obtained from the differencein number of parameters used to compute the two likelihood functions [153]. Theindex i indicates the ith pixel. In Fig. 2.7 we show how the reconstructed eventdistribution and simulated one behave as a function of the shower goodness pa-rameter for excess photons measured towards a target. A standard cut can beapplied to remove 95% of the background events and retain 70% of photons. The
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events from the background that are identified as gamma-like events are knownas the residual background. The latter can be measured and we describe differenttechniques in the following sections. The reconstruction of the shower is donedirectly through geometrical reconstruction of the main axis. The geometrical in-tersection of planes is applied. The energy of the shower is obtained from theimage intensity. All the parameters are recovered through an evaluation of a like-lihood function in each pixel. Then the comparison with the simulated shower isapplied and the parameters of the real shower are recovered.

Figure 2.7: Distribution of events versus shower goodness for observation of thetarget PKS 2155-304. The measured events are given as the blue distribution,whereas the simulated ones are shown in red. The background is the gray distri-bution. The black vertical line shows the cut at MSSG = 0.6. Figure extracted fromRef. [153].

2.4 Observation methods and measurement of the
background

2.4.1 Characteristics of the observations
One year of observationswith theH.E.S.S. telescopes consists of about 1300hours,which results in about 15% duty cycle. This amount includes observations in pres-ence of Moon light [141]. In the past, this was not the case and a duty cycle of
∼ 12% was reached. Observations with the Sun are not possible, because of thetoo large luminosity. Therefore, it is required that the latter is at least 18◦ belowthe horizon. The available observing time is distributed among all the targets thathave been chosen for the yearly observations after the proposals evaluation. To
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observe, a low zenith angle is always preferred, with only few cases of zenith angleabove 60◦.
A single observation is named a run and has a length of 28 minutes. Differentstrategies for the observations can be applied. At first, the observation shouldbe chosen as a pointed one, as part of a survey or as a transient observation.The former is the observational strategy for a specific object, targeted in advanceand observed taking into account the visibility of the region above the horizon,better if close to zenith to reach the lowest energy threshold. The survey definesthe observation of a large region, which is scanned during several runs thanksto a series of predefined pointing positions. This observational strategy is sched-uled in advance, too. Observation of transient phenomena likeGRBs, gravitationalwaves (GW) or flares from blazar are targeted when another experiment sends analert. This observational strategy cannot be pre-scheduled. The observations oftransient phenomena are mainly pointed, except for the case of GW for which aspecific technique is adopted [334].
For the pointed observations, the telescope is pointed close to the chosen tar-get, which position is referred to as the pointing position. The latter can be de-fined in different ways. The available background measurement techniques aredependent on the pointing mode and are explained in the next section. The newobservation mode normally used is the wobble one. To cover the observationswith the wobble, more than one pointing position is defined around the target po-sition. The positions are taken at a distance called the observational offset. Usualchoice for thewobblemode is to cover four perpendicular pointing positions at anoffset of 0.7◦ around the target for point-like source searches, which are useful forthe measurement of the background affecting the observations.

2.4.2 Background measurement techniques
The measurement of the background depends on the observation mode. Thesimplest approach is to define an OFF region to measure it, opposed to the ONone where the signal should be measured. This is used for standard pointed ob-servations. Signal and residual background observations are on the same field ofview.

When thewobblemethod is applied for the observations, theWobble Ring Back-
ground and Wobble Multiple OFF modes are applied. For brevity, we will refer tothese as Ring Background andMultiple OFF. For the first one, an annulus is definedon the observed sky, including the ON region where the signal is searched for. Inthis region, outside a circular mask excluded around the target position to avoidsignal contamination, the residual background is measured. When another as-trophysical object appears in the FoV, it is excluded from the ring. In the secondtechnique, the background is measured in circular regions of the same dimen-sion of the signal region, such that they lie in the annulus on which the target is
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searched for. For these modes, the acceptance of the camera, that degrades ra-dially from the center of the camera, is now the same for signal and backgroundregions, when azimuthal symmetry is assumed. Moreover, the techniques assuretomeasure both signal and background during the same observation, in the sameFoV and therefore under the same observational conditions. Both techniques areshown in Fig. 2.8. The signal region, the ON, is represented in orange while thebackground OFF region is given in gray. The excluded region is shown in blue.

Figure 2.8: Techniques used tomeasure background knownas theWobbleMultiple
OFF and Wobble Ring Background on the left and right, respectively. The signalregion (orange) is on the target and the pointing position is shown by the blackcross. The regions for the measurement of background and the excluded regionsare shown in gray and blue, respectively.

2.5 Instrument Response Functions and Sensitivity
of H.E.S.S.

2.5.1 Effective Area
The effective area of the telescope corresponds to the portion of a plane surface,taken perpendicularly to the direction of maximum radiation, through which themajor part of the radiation is collected. The area depends on the event energy andso varies along the energy range which is covered by the instrument. This behav-ior also depends on the offset and the zenith angles under which the observationis performed [153]. It is also connected to the optical efficiency of the telescopes,which correlates to themuon efficiency [116]. More details on the behavior of theeffective area as a function of the zenith angle are given in Ref. [68]. In Fig. 2.9, weshow the effective area for the M++ analysis chain for three different sets of cuts:
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standard, faint and loose. The effective area can be obtained for hard cuts too.The area for the Hillas analysis is shown as well for two thresholds on the pho-toelectrons (p.e.), 60 p.e. and 200 p.e., the latter being the one most used in theliterature. Above 10 TeV, a smaller effective area is obtained in M++ with respectto the Hillas one. However, it is then comparable to the one for Hillas 60 for lowerenergies and better than the latter at hundreds-GeV energy range. The effectivearea is also strongly affected by the radial distance from the center of the camera[75]. A relative rate of 70% at 1.5◦ is reached and a negligible degradation in theinner 1◦ is maintained.

Figure 2.9: Effective areas for the H.E.S.S. instrument as a function of the energy,compared for the analysis chains Model++ (red dots) and Hillas (blue dots), fordifferent selection cuts. Figure extracted from Ref. [153].

2.5.2 Energy range and threshold
The energy range covered by the H.E.S.S. instrument depends on the energy andthe dispersion of the Cherenkov shower. First, the primary gamma-ray has to beenergetic enough to produce Cherenkov light from the shower, then the showerhas to be energetic enough to produce enough Cherenkov light detectable by thecameras and the shower has to be not too spread (i.e. not too energetic becausethis would create too many subshowers or pairs of particle-antiparticle) to be al-most fully contained in the FoV of the telescope(s). The observation conditionsimpact the development of the shower. For instance, the zenith angle affects thethreshold in energy over which photons can be collected. Indeed, observations ata large zenith angle mean that the showers are crossing a thicker layer of the at-mosphere. Therefore, only the most energetic showers can reach the telescopesunder these observation conditions. The effective energy threshold is set follow-ing a usual criterion of taking the value of energy corresponding to the 10% of the
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maximum effective area. The threshold is defined after the application of the cutson the parameters of the reconstructed shower. For the CT1-4 configuration, thethreshold is 160 GeV for observations at zenith, and degrades to 220 GeV at zenith30◦, 400 GeV at zenith 45◦ and 1.2 TeV at zenith 60◦. The higher threshold is themain reason for which observations at small zenith angles are preferred unless itis necessary to observe in diverse conditions.
2.5.3 Energy and angular resolutions
For the definition of the energy resolution we consider the RMS of the ∆E/E =
|Ereco − Etrue|/Etrue distribution [153]. It expresses the probability to recover amean energy E for an event with true energy Etrue. The energy resolution for theH.E.S.S. experiment in almost all the energy range is around 10% and it never getslarger than 15% or lower than 5%, as shown in Fig 2.10. The former is improvedwhen more telescopes are considered in the stereo mode and it is almost stablewith offset and zenith angle variations. The bias of the reconstructed energy isaround 5% in the whole sensitivity range. The bias grows near the energy thresh-old, due to effects of the trigger, up to 20%. Also, a high resolution is crucial todistinguish peculiar narrow spectral features. When CT5 is considered alone, aresolution of 30% is reached in the hundreds-of-GeV energy range.The 68% containment radius of the point spread function (PSF) is consideredas the angular resolution [153]. For events reconstructed with the Model++ chain,it is lower than 0.1◦ for the whole energy range. It does not show a strong depen-dency with the zenith angle. It stabilizes at 0.06◦(at 68% C.L.) for gamma-rays inthe TeV energy range. When more (>2) telescopes are considered in the stereomode, the angular resolution can be improved. A good angular resolution allowsmorphological studies of extended sources and diffuse emission. In Fig. 2.11, weshow that Model++ has a better angular resolution than Hillas. The resolution forthe latter degrades significantly at large zenith angles due to the reconstructiontechnique.

2.6 Reconstruction configurations and sensitivity
After the advent of the H.E.S.S. II array, including the small and the big telescopes,the data can be observed and reconstructed with three main techniques. Whenonly CT5 is used to reconstruct gamma-like events in a single-telescopemode, theconfiguration is called CT5 Mono configuration, where the best event reconstruc-tion with the array configuration with only the 28-m diameter telescope is chosen.The reconstruction of the events with the large telescope and at least one of thesmall telescopes in the reconstruction of the event is called CT1-5 Stereo config-uration, where at least two telescopes of the array were required to trigger thesame shower event and the best shower event reconstruction is chosen between
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Figure 2.10: Energy resolution and bias for the H.E.S.S. experiment are shown as afunction of the energy, for the Model++ and Hillas analysis chains as red and bluedots, respectively. A few percent is reached for the energy bias. A value of 10% Eis maintained for the energy resolution in Model++ throughout the whole energyrange. Figure extracted from Ref. [153].

Figure 2.11: Left panel: Average angular resolution for the H.E.S.S. experiment forthe two analysis chains, as red dots for Model++ and as blue dots for Hillas. Right
panel: Angular resolution as a function of energy and as a function of the zenithangle is shown in the left and right panels, respectively. Figure extracted fromRef. [153].
an array configuration with only the four 12-m diameter telescopes and the onewith the five telescopes. When the large telescope is not used at all, the CT1-4
Stereo is used for the reconstruction. In this case the best event reconstructionwith the array configuration with only the four 12-m diameter telescopes is cho-sen. We show these three configurations in Fig. 2.12. An additional reconstructionclass is the Combined configuration, in which the best reconstruction of the event

40



between CT1-4 Stereo, CT1-5 Stereo and CT5 Mono is chosen.

Figure 2.12: The reconstruction configurations in the H.E.S.S. II phase. CT5 Mono,
CT1-5 Stereo, and CT1-4 Stereo are shown respectively in the left, central and rightpanels of the figure.

The performances of observations with the full five-telescopes array vary withthe chosen reconstruction configuration [209]. We show the behavior of the ef-fective areas as a function of the energy for the four configurations previouslymentioned in the left panel of Fig. 2.13. The analyses that include CT5 have largeracceptance below a few hundred GeV. For these, a lower energy threshold can beadopted. This is due to the large size of the big telescope, which makes it moresensitive to low energies. Events below 100 GeV cannot be detected with onlyCT1-4. The configuration with only the latter has the largest energy threshold.The Combined configuration has the overall best acceptance. A clear estimateof the performance of an IACT can be obtained through its flux sensitivity. In 25hours of observations, the H.E.S.S. array reaches the sensitivity of about 1% of theCrab nebula flux for observations taken at the zenith angles of a point-like source.Slightly larger or smaller sensitivity can be obtained for diverse reconstruction al-gorithms. Energy differential flux sensitivity of H.E.S.S. is shown in the right panelof Fig. 2.13. Here, the same behavior shown by the effective area for the differ-ent configurations is found. Below 300 GeV, the reconstruction with CT5 providesthe best sensitivity. CT5 Mono and Combined analyses are also sensitive below 100GeV. The CT1-5 Stereo configuration provides the overall best sensitivity. However,the best compromise to have good sensitivity that covers the largest range possi-ble is given by the Combined configuration. Above 3 TeV, the sensitivity is expectedto degrade more quickly for the CT5 Mono.
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Figure 2.13: The effective area, also known as acceptance, and sensitivity per re-construction type of the H.E.S.S. II experiment is shown in the left panel. The ef-fective area is displayed for an observation at θzenith = 20◦, θoffset = 0.7◦ and muonefficiency of 70%. The comparison is shown for the CT1-4 Stereo (black dotted),
CT1-5 Stereo (green), CT5 Mono (red) and Combined configurations (black). The ef-fective area as a function of Ereco energy after selection cuts is shown in the leftpanel. The differential flux as a function of energy is shown in the right panel,where the 1% and 10% of the Crab nebula flux are also shown and black long-dashed lines. Figure extracted from Ref. [209]
2.7 Monitoringof thedata takingquality - theH.E.S.S. day

shift
The monitoring of the quality of the data taking is performed by the H.E.S.S. Col-laboration every day during the shift periods. In the last few years, a new way ofmonitoring has been developed - the day shift. Day shifters can monitor the sub-systems of the telescopes the day right after each observational night, with noneed of being on site. The day shift task consists in reviewing the subsystems ofall the five telescopes, checking the level of the parameters characteristics of thelatter and preparing a report for troubleshooting potential issues by contactingthe experts directly [137]. The day shift task is important to gain efficiency on theobservation time, to solve problems as soon as possible and constantly supervisethe quality of the data taking. During my PhD, I have participated in three dayshifts. At the moment of the writing, I have been nominated part of the groupof people supervising the day shifters. I have been involved in each day shift, bysupervising the shifters and cross-checking the quality of the data taking and ad-dressing the expert to efficiently monitor the quality of the H.E.S.S. observations.
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Chapter 3

The Dark Matter mystery
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There are plenty of pieces of evidence on the existence of dark matter (DM) inour Universe. Nevertheless, its nature is still amystery. In this chapter, we presentan overview of the paradigm commonly accepted to explain dark matter. Fromcosmological measurements, 24% of the Universe is made of dark matter. 85%of the total content of matter in the Universe is made of dark matter. Measure-ments of astrophysical phenomena at the galaxy scale can be explained throughthe adoption of the dark matter paradigm. For instance, the rotation curve ofgalaxies and cluster dynamics. Many extensions of the Standard Model of par-ticle physics include new elementary particles which can explain a new kind ofinvisible matter. These new exotic particles are known as weakly interacting mas-sive particles (WIMPs). Many techniques have been deployed to search for darkmatter. Indirect search of darkmatter covering the TeVmass range is of particularinterest for this work. A possible dark matter signal depends on the underlyingmechanism of the self-annihilation process that yields the final gamma-ray spec-tra and on how dark matter is distributed in the observed targets. The strengthof the searched signal depends on all of this.In Sec. 3.1 we explain the pieces of evidence for the existence of dark mat-ter. Some particle candidates for the explanation of the latter are presented inSec. 3.2. Alternative theories to the standard model of cosmology are given inSec. 3.3. The techniques used for the detection of DM are presented in Sec. 3.4and the expected distribution of DM in our Galaxy is presented in Sec. 3.5. Thetargets that can be used to detect signals of DM in gamma-rays are introducedin Sec. 3.6. The expected flux of gamma-rays from self-annihilating dark matterparticles is explained in Sec. 3.7. Finally, we dedicate Sec. 3.8 for the descriptionof the annihilation spectra.

3.1 Observational evidence of Dark Matter

3.1.1 Evidence from astrophysics

The missing mass

Observing objects in gravitationally bound systems provided the first historicalevidence of the necessity of DM to explain the standard model of Cosmology.The measured velocity of these objects diverge from what is expected when onlygravitational interaction within visible objects is taken into account. Fritz Zwickyobserved individual galaxies in the Coma cluster and measured the velocity dis-persion, in the ’30s [373]. He demonstrated, applying the virial theorem, that theobserved rotation curve could not be explained by the gravitational potential ofthe visible galaxies. Themass inferred from the luminosity of the galaxies was 400times smaller than the mass expected for the cluster. "Dark matter" was used toname this apparently "missing mass", to explain the invisible, i.e. non-luminous,
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mass. Vera Rubin and Kent Ford also measured rotational curves of galaxies inthe 70’s [327], confirming the hypothesis of this missing part of matter. Throughtheir measurement of the Andromeda galaxy, they showed that the velocity of thestars in the galaxy does not follow the Kepler’s law 1/
√
r behavior. In fact, theyshowed that the velocity profile behaves like a constant to the outer parts of thegalaxy. Under the validity of the Newtonian gravity, this implies that there mustbe additional invisible matter, a DM halo, that extends as 1/r2 from the center ofthe galaxy. Fig. 3.1 shows the two theorized components following the two behav-iors, marked as the "disk" and "halo" lines. To compute the galaxy rotation curvesin the inner part, data from the stellar population is used. The outer part is ob-tained through measurements of the Doppler shift of the 21-cm emission line ofneutral hydrogen and can therefore cover faint regions beyond the disk at severaltenths of kpc. An example of the rotation curve of the galaxy NGC 3198 is shownin Fig. 3.1 [360]. The curve is shown as a function of the distance from the centerof the galaxy. The curve obtained from only visible matter is shown as "disk". The"halo" curve is obtained through the contribution of the DM halo.

Figure 3.1: Measured rotation curve of the galaxy NGC 3198. Measured pointsare shown as dots, together with contribution from the visible matter and the DMhalo. Figure taken from Ref. [360].

Gravitational lensing

Strong lensingGravitational lensing provides an additional astrophysical evidenceof the existence of DM [267]. Lensing implies distortion of the background light,due to the deformation of space-time due to gravitating mass. The deformationproduces a lens effect on the background galaxies, similarly to optical refraction.This effect is shown in the left panel of Fig. 3.2, in the observations of the Abel
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1689 cluster with Hubble [293]. The light coming from the background is signifi-cantly bended, which cannot be explained through the potential generated by thevisible mass.

Figure 3.2: Left panel: Image of the gravitational lensing of the Abel 1689 galaxycluster as observed with the Hubble telescope. The galaxies in the backgroundare distorted by the DM halo of the cluster. Figure extracted from Ref. [293].
Right panel: The Bullet Cluster as composite image of the merger 1E0657-558.Credit: X-ray: NASA/CXC/CfA/ Ref. [264]; Lensing Map: NASA/STScI; ESOWFI; Mag-ellan/U.Arizona/ Ref. [132]; Optical: NASA/STScI; Magellan/U.Arizona/ Ref. [132].

Bullet clusterOne of themost convincing pieces of evidence for the existenceof DMare the collisionlessDMhalos in the clustermerger E0657-558. This episodeis known as the Bullet Cluster [132, 264]. In the right panel of Fig. 3.2, the compos-ite X-ray and optical image of the Bullet Cluster are shown. Ordinarymatter is rep-resented inmagenta. Themass distribution is estimated through theweak lensingof light passing close to a massive object. The mass distribution from weak lens-ing is shown in blue. This is dominated by the DM. The hot gas of the twomergerslags behind the subcluster galaxies and interacts, while the DM component in thetwo mergers is ahead of the collisional gas and coincident with the collisionlessgalaxies. Themeasurement of the Bullet Cluster has been used for constraints onthe self-interaction cross-section of DM down to σ/m < 1 cm2g−1 [265].

3.1.2 Evidence from cosmology

The standard model of Cosmology

Einstein’s equation of General Relativity governs the standard model of Cosmol-ogy togetherwith Friedmann-Lemaître-Robertson-Walkermetric andHubble’s dis-covery of the expansion of the Universe [229, 178, 245, 325]. The model can beused to explain the thermal history of the Universe from the Big Bang, the relicbackground radiation, the abundance of elements and the formation of structuresat large scale. In Refs. [306, 83], extended reviews of the model can be found. Ho-mogeneity and isotropy are fundamental characteristics of the Universe. This is
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known as the cosmological principle. Distribution of galaxies on a large scale con-firms the homogeneity. Isotropy can be explained through the observations andmeasurements of Cosmic Microwave Background (CMB) measurements.The Friedmann equations [178, 325, 245] are derived under the hypothesesalready mentioned and the relationship between the energy content and the ge-ometry of the Universe [167]. The equations are(
ȧ

a

)2

=
8πG

3
ρ− k

a2

ä
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The term G is the Newtonian gravitational constant, k is the curvature of the Uni-verse, a(t) is the scale factor specifying how the Universe expands and Λ repre-sents the vacuum energy enabling an accelerated expansion of the Universe. Thelatter is referred to as the cosmological constant. The curvature of the Universecan be -1 for an open hyperbolic space, 0 for a flat space and +1 for a closedspherical space. The sum of the energy densities of the Universe is expressed by
ρ = ρm + ρr, including matter and radiation densities. The pressure is encoded inthe term p. The Hubble parameter is H(t) = ȧ(t)/a(t) and is included in the firstequation. Assuming a flat Universe, the critical density ρc = 3H2/8πG is equaledby the total density ρtot, which is constituted by the density of matter and radi-ation plus the density of the vacuum, i.e. ρtot = ρ + ρΛ, with ρΛ = Λ/8πG. Eachcomponent density ρi is a fraction of the critical density in terms of the densityparameter Ωi = ρi/ρc. The first Friedmann equation can be rearranged with thepresent values of the density parameters, i.e. using the relic density of matter,radiation and vacuum energy:

H2(z)

H2
0

= Ωr(1 + z)4 + Ωm(1 + z)3 + Ωk(1 + z)2ΩΛ. (3.2)
The curvature term is given by Ωk = −k/H2

0 and the scale factor is related to theredshift in a(t) = 1/(1+z). It can bemeasured with cosmological probes that thatmost of the matter is not made of baryons but of cold DM, i.e. Ωm = Ωb + Ωχ, Ωχbeing much larger than Ωb. In this case, the DM is a particle-like component. Thecosmological model standardly accepted, which includes dark energy and DM,takes the name of Lambda-cold-dark-matter (ΛCDM) model.
Cosmological measurements

Cosmic Microwave Background A plasma of photons and baryons in thermalequilibrium permeated the early Universe. Free electrons could move in this en-vironments. Neutral hydrogen formed at the recombination epoch, when the
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Universe cooled down to temperatures ∼ 3000 K. Most of this primordial pro-duction of neutral hydrogen was in excited states and the transition to the boundstate caused the emission of photons. The Universe was then transparent andthe photons could propagate freely. The decoupling era was reached and thephotons, fossil light of the Big Bang, constitutes the so-called Cosmic MicrowaveBackground (CMB). The latter was accidentally detected in 1964 by a radio tele-scope at Bell Labs [308]. The relic temperature of the Universe is given by today’sCMBmeasurements, T = 2.725 K. Anisotropies in the CMB were detected by mea-surements performed in the ’90s [337]. The latter obtained a level of anisotropyof 16± 4 µK. Baryon density can be derived by the direct correlation with respectto the CMB temperature. The CMB map is covered in cold spots for areas withhigh density, whereas warm ones are in places of under-densities. In Fig. 3.3,we show the power spectrum of CMB temperature as a function of the multipolemoment. Compression peaks are the odd ones and are provoked by the radiationpressure and baryon gravitational potential, instead decompression driven onlyby pressure produces the even peaks. Large baryon density would mean heightincreasing of the odd peaks with respect to the even peaks. Therefore, a mea-surement of Ωb is provided by the relative amplitude between the second peakand the first one.

Figure 3.3: CMB angular power spectra as a function of the multiple moment de-rived from Planck 2018 measurements. The (ΛCDM) predictions are fitted too.Figure extracted from [309].
BaryonicAcousticOscillations Thephoton-baryonfluid detectable today showsanisotropies in the CMB that are mostly explained by the baryon acoustic oscil-lations (BAO). Relativistic acoustic waves were formed in the early Universe’s pri-
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mordial plasma, due to the interactions between baryonic gravitational poten-tial and radiation pressure. From the overdensities’ positions, the baryon-photonfluid propagated outward as an expanding spherical shell at the speed of sound,due to the influence of radiation pressure. At the recombination epoch, the acous-tic waves froze, when the baryons were not anymore under the influence of ra-diation pressure. This means that the spherical baryonic shells stayed standingaround the central DM overdensities. The comoving radius of the baryons’ shellis not very different from the comoving sound horizon at recombination rs. Withthis, BAOs can be used as standard rulers for the horizon size and therefore forthe geometry of the Universe. Baryonic andDMdensity evolve together, driven bygravity. Moreover, a separation of rs is more likely between nowadays observedgalaxies. This corresponds to a peak at rs in the density profile of the matter.Measuring one single object in the sky is not enough to obtain the BAO scale. Thedensity profile results from many perturbations, i.e. is a measurement of statis-tical correlation between the position of large scale structures in the Universe. Ifno DM existed, no characteristic correlation scale would exist nowadays due tothe complete removal of the perturbations. For a BAOs review, Ref. [54] can beconsulted.
Type Ia Supernovae Type Ia supernovae present homogeneity and high lu-minosity of the peak magnitudes. A map onto a standard object can be obtainedconsidering that these objects are not identical but constitute a family. They cantherefore be used as standard candles because their behavior depends only onthe local physics and they are expected to be independent of environment andevolution. Then, their distance is the factor influencing their apparent magnitude.Their redshift is caused by the expansion of the Universe and the distance of theirhost galaxy must be known [345] to measure it. Through this measurement, a(t)can be constrained and one can then put constraints on the relic densities in the

ΛCDM model.
Big Bang Nucleosynthesis To determine the abundance of baryons, we needto consider the process of primordial nucleosynthesis [135], or Big Bang nucle-osynthesis. The latter is the process responsible for the creation of the chemicalelements at early phases of the Universe after the Big Bang. Nuclear reactionsformed mainly the light elements in the first tens of minutes of the Universe,while the latter was still hot. These elements, 4He, D, 3He and 7Li, abundancesare fixed to values widely accepted 4He/H ∼ 0.1, 3He/H ∼ D/H ∼ 10−5 and 7Li/H

∼ 10−10. Light elements’ abundance depends on the ratio of baryon-to-photon η,constrained in a range of 5.1×10−10<η<6.5×10−10 [357]. Baryonic matter’s abun-dance correlates to η and it is shown to be five times smaller than the DM abun-dance. The former is measured to be Ωh2 = 0.0224 ± 0.00011 [309]. It accounts
1A common practice is to introduce the dimensionless Hubble constant, usually denoted by hand commonly referred to as "little h" [149]. Then, the Hubble constant is written asH0 = h×100km s−1 Mpc−1.
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for about 5% of the critical density of the Universe. The other 95% to completethe density of the Universe is constituted by 70% of dark energy and by 25% ofDM. The nucleosynthesis of the baryons is one of the main proofs of the validityof the ΛCDM model [155].
Structure Formation The hierarchical formation of structures is due to theamplification of primordial density fluctuations which grow as a consequence ofthe expansion of the Universe [317]. On the experimental point of view, measur-ing the distribution of luminous objects in the Universe can be used to describethe formation of large scale structures and find a relation between the latter andthe characteristics of the observed objects. The distribution ofmatter in regions ofthe sky can bemapped by surveys that combinemeasurement of the redshift andthe angular position of astronomical objects. A statistically representative volumeof the Universe was mapped by the 2dF Galaxy Redshift Survey (2dFGRS)[356] atthe Anglo-Australian Telescope. The survey revealed the optically luminous galax-ies in that volume. More recently, the most detailed three-dimensional map of athird of the sky was produced by the Sloan Digital Sky Survey (SDSS) [358], usingmulti-spectra with deep multi-color images in ultraviolet, green, red and infrared.Observed structure distribution and simulated one from the growth of the cosmicfluctuations in the near-uniform early Universe can be compared. An analyticaltreatment of gas dynamics, radiative cooling, photoionization, recombination andradiative transfer cannot be made in the model. Thus, complex N-bodies numer-ical simulations in a large box of space are performed to study the formation ofstructures. The initial conditions of theUniverse set nearly uniformmatter densitywith small inhomogeneities. The measured CMB temperature power spectrum isused to simulate perturbations accordingly. Then, the equations explaining theexpansion of the Universe, all matter gravity, baryonic gas pressure forces anddark energy are injected. Simulations include baryons only since recently, how-ever there is still no consensus on how to include their physical processes in thesimulations. The evolution of the system and gravity makes the fluctuations de-velop. DM halos and galaxies are formed in regions with high initial density be-cause matter collapses in them. More details on the simulations of the formationof large scale structures, clusters and groups of galaxies and their evolution canbe found in Ref. [342, 340]. Other times, the filaments become more prominentand clusters form at the intersections between them. At lower redshifts, below1, the growth of structures slows down. This is due to gravity becoming subdom-inant and dark energy dominating the acceleration. The formation of low massobjects happens first and then they merge into bigger ones. From simulationswe can see that hot DM would not explain the distribution of the nowadays ob-served galaxy-scale structure. Only cold DMwas included in the initial simulationsof structure formation. These predicted very cuspy profiles, which were in tensionwith some observations at galactic scales. When baryons are included, the innerpart of the halos tends to flatten. We show in Fig. 3.4 part of the 2dFGRS and
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SDSS maps in the left and top panels, respectively. Surveys produced by the Mil-lennium simulations are shown in the opposite panels [174]. These are built withsemi-analytic techniques to simulate the dark matter distribution and the struc-ture formation, and match the geometry and magnitude limits obtained from theexperimental surveys. A non-baryonic dark matter can be included in the mattercontent to obtain striking agreement between the simulations and the measure-ments. Fluctuations from baryonic-only matter would not allow to reproduce theevolution and the formation of the observed structures from the early Universeto today. The simulations also show prominent structures (see bottom panel) likethe observed Sloan Great Wall (visible in the top panel of Fig. 3.4).

Figure 3.4: The left panel shows the map of a part of the 2dF Galaxy Redshift Sur-vey. The top one shows a part of the Sloan Digital Sky Survey. Maps obtained forthe corresponding portions of the sky with the Millenium simulations are shownin the right and bottom panels. Figure extracted from Ref. [340].

3.1.3 Thermal relic density of cold Dark Matter particles
At the beginning of the history of the Universe, when the latter starts to expand,all the particles composing it are in thermal contact with the others and evolvewith time [76]. The thermal contact is maintained until the epoch in which thenumber density of the particles n starts decreasing. This reduces the interactionrate Γ = nσv, which depends on the particle velocity v and its cross section σ.
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The decrease is what is expected from the Boltzmann equation. While the Uni-verse keeps expanding, particle annihilation does not work efficiently anymorefor scales below the Hubble parameter (which has dimension of 1/time). Thisepoch is named as the freeze-out, where the decoupling happens, i.e. particles donot interact in the time scale of expansion of the Universe ∼ H−1. This momentrepresents the time from when the abundance of the decoupled particles doesnot change anymore, i.e. it freezes to the relic density. Particles with differentmasses decouple at different epochs, because they undergo different interactionprocesses. The relic density for cold (i.e. non-relativistic) DM particles can be givenapproximately by [222]:
Ωh2 ∼ 3× 10−27cm3s−1

⟨σv⟩ . (3.3)
The relic density values for each component are provided from recent Planckmea-surements [309], and are summarized in the Tab 3.1. From Eq. 3.3, the measured
ΩCDMh2 value implies that the value of the thermal relic cross section, i.e. the ther-mally averaged velocity weighted annihilation cross section for DM that was pro-duced in the thermal early Universe, is equivalent to ⟨σv⟩ ∼ 3× 10−26cm3s−1.

Parameter symbol value
Hubble constant H0 = 100 h 67.4 ± 0.5[km s−1 Mpc−1]Cold DM density ΩCDMh

2 0.120 ± 0.001Baryon density Ωbh
2 0.0224 ± 0.0001Matter density Ωm = Ωb + Ωχ 0.315 ± 0.007Curvature Ωk 0.001 ± 0.002Vacuum energy density ΩΛh
2 0.3107 ± 0.0082Cosmological constant Λ (4.24 ± 0.11)×10−66

[eV 2]
Table 3.1: Latest values of the cosmological parameters from Planck measure-ments [309].

3.2 Candidates to explain Dark Matter

Even though the nature of DM is still a mystery we are showing in the next sec-tions two of the main categories for DM candidates: Weakly Interacting MassiveParticles (WIMPs) and non-WIMPs candidates.
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3.2.1 Non Weakly Interacting Massive Particles particles

Axions and axion-like particles

To solve the problem of absence of CP violation in strong interaction, axions werefirst introduced as particles. They are predicted in QCD from non-zero quarkmasses. In the pseudo-Nambu-Goldstone theory, axions are classified as bosonsand arise from the solution to the strong CP problem found by Peccei and Quinn[304]. Following this solution, a U(1) approximate global symmetry is introduced.The latter is broken at a scale fa, located at around 1012 GeV. The coupling to stan-dard matter behaves as ∝ 1/fa for axions. The latter are good candidates for DMbecause they are neutral, weakly-interacting bosons. They are very light, however,a population of non-relativistic, therefore cold, axions can be produced when outof equilibrium [166]. The spontaneous high scale breaking of an approximate U(1)symmetry can also generate axion-like particles (ALPs). The latter are not linkedto the QCD theory, therefore the mass and coupling to standard matter of theseparticles are independent parameters and cannot be very well constrained withexperiments. For a review of the search for axions and ALPs, [152] can be con-sulted.

Neutrinos

For hot DM, the standard left-handed neutrinos were postulated as candidatesup to a few eV in the late ’70s [318]. Assuming Universe composed by hot DM,a top-down formation scenario with superclusters formed first and fragmentedthen into smaller structures is implied. However, the measured distribution ofgalaxies cannot be reproduced by this scenario, hence the latter is consideredobsolete nowadays. Neutrinos are wiped off before being able to form the largescale structures if a bottom-up formation scenario is assumed. If the neutrinooscillations are accounted for with a regular Dirac mass term added in the stan-dard model (SM), right-handed neutrinos are needed. Sterile neutrinos, interact-ing only via gravitational effects and not via weak interaction (this explains thename "sterile"), are hypothetical leptons [278]. Apart from the three left-handedSM active neutrinos interacting with W and Z bosons, right-handed sterile neu-trinos not interacting with the electroweak bosons are present as four or morestates. The mass of these states can hypothetically be between 1 eV and 1015GeV. At eV masses, the sterile neutrinos are tested for the detection of neutrinooscillation anomalies. At GeV-TeVmasses, the former serve as tests for the baryo-genesis theories. Sterile neutrinos at keV masses are good candidates for warmDM. All the previous cases are discussed in Ref. [272, 278]. With the latter, theformation of large scale structures could be explained [164].
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3.2.2 Weakly Interacting Massive Particles

The DM particles should respect the following characteristics: non-baryonic, elec-tromagnetically neutral, color neutral(-ish), massive (i.e. showing gravitational ef-fects), living for a lifetime larger than the age of the Universe, reproducing therelic density measured with observations and sustaining the formation of the ob-served structures. One of the compelling candidates which is respecting thesecharacteristics are Weakly Interacting Massive Particles (WIMPs). The latter inter-act via gravity and any other force (or forces), which may not be part of the Stan-dard Model itself, with intensity as weak or weaker than the weak nuclear force.Moreover, these are favored by a supersymmetric (SUSY) extension of the stan-dard model (SM) [294]. The relic density of DM is reproduced naturally by WIMPsand this is often known as the WIMP miracle. According to SUSY, each particlehas a supersymmetric partner, differing by a half-integer spin. A supersymmetricfermion exists for each boson and vice versa. Each quark has a supersymmet-ric squark. Candidates for WIMPs can be taken from the superpartners of thebosons. In SUSY, the proton decay happens through the process p → e+π0 with atimescale which is rejected by observations. This problem is surpassedwith a newdiscrete symmetry, the R-parity defined by R = (−1)2S+3B+L, which is conservedand prevents the proton from decaying. S is the spin, B the baryon number andL the lepton number of a particle. SM particles have R = 1, while their super-partner particles in SUSY have R = −1. As a consequence of R-parity, the lightestsupersymmetric particle (LSP) is stable and it cannot decay into SM particles withan opposite parity. This makes the LSP a good candidate for WIMPs. In particular,the lightest neutralino, which is the lightest mixture between fermionic partnersof the neutral Higgs boson and neutral electroweak gauge bosons. The Higgsinois the superpartner of the Higgs boson. The superpartners of the electroweakbosons are the Wino for the W boson and the Bino for the gauge boson of theU(1) gauge field corresponding to weak hypercharge. Neutralinos are Majoranafermions, so they can self-annihilate because no distinction can be made with theantiparticle. They interact with the weak vector bosons. Heavy neutralinos canresult in the lightest neutralino through Z boson decay. The latter is then visiblein a detector, and corresponds to a missing momentum in the final state of theinteraction. The mass of the WIMP candidates can be constrained by the thermalrelic density. To reproduce the relic density and thermal relic cross section, theneeded mass is usually referred to as the thermal mass. For a pure Wino candi-date, the latter is expected to be 2.9 ± 0.1 TeV, for pure Higgsino is 1.0 ± 0.1 TeV.Another possible state for WIMP dark matter is the 5 representation of SU(2), theQuintuplet, for which the thermal mass is expected to be 13.6± 0.8 TeV[204, 101,277, 129]. This mass range can be probed by gamma-ray telescopes through in-direct search for DM. Particles in the Kaluza-Klein theory (KK) are alternative can-didates to SUSY particles. These particles are theorized for a multidimensionalUniverse [225], where the 4-dimensional Universe is a brane embedded in a 3 +
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δ + 1-dimension space-time called bulk. The states that propagate through thesmall extra dimensions are the KK particles and are partners of SM particles likein SUSY, but in this case with the same spin. Similarly to the case of R-parity inSUSY, a new discrete KK-parity is introduced. The Lightest KK particle (LKP) is agood DM candidate in alternative to the LSP [234].
3.2.3 Primordial black holes as dark matter
Primordial black holes (PBHs) have been studied since the ’60s [370]. The formerare black holes formed via the collapse of the large overdensities present in theearly Universe. It was realized that PBHs are potential candidates to explain darkmatter [194, 120]. They are non-baryonic since they are created before matter-radiation equality. They could evaporate via the Hawking radiation [196, 195],however PBHs with initial mass MPBH ≳ 1014 g have a lifetime longer than the ageof the Universe [299, 255]. Considering PBH on cosmological scales, they wouldbehave like DM particles but on galactic or smaller scales, the granularity of thePBHs can produce observable effects. Interest on PBH was generated in the late’90s by the MACHO collaboration’s 2-year results on observations of microlens-ing on the Large Magellanic Cloud. Significantly more events were observed thanwhat expected from known stellar populations. The found excess consisted withroughly half of theMilkyWay (MW) halo corresponding to 0.5M⊙ compact objects.On these, astrophysical compact objects were excluded by arguments connectedto the baryon budget [173]. With later observations, the allowed halo fraction de-creased [45]. Many of the ideas and models for explaining DM with PBHs dateback to this time. When LIGO-Virgo discovered the gravitational waves in 2016from Solar mass black holes [5], a new large wave of interest in PBH DM arosefrom the possibility that these BHs could be primordial rather than astrophysical[90, 131]. The abundance of PBHs has been later significantly refined. New con-straints have been obtained, whereas some existing ones have been weakenedor removed. Theoretical calculations on the mechanisms for the PBH formationhave also been significantly improved. A comprehensive review of PBH as DMcan be found in Ref. [112]. For a detailed review on observational constraintsover non-evaporated PBHs, see Ref. [232]. H.E.S.S. searched for bursts of γ-raysin TeV with timescales of a few seconds, which is what is expected from the PBHsevaporation in the final stage, in Ref. [355].

3.3 Alternative theories to Lambda-CDM
Some issues are present for small scale structures, even though theΛCDMprobessuccessfully most of the cosmological and astrophysical measurements by postu-lating the existence of DM. For instance, the small size scalemeasured DMdensitymay not be explained at the center of the galaxies [331]. Understanding how to
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include baryons in the simulations may weaken the disagreement, however theirtreatment is still under debate. Moreover, from N-body cosmological simulationsmany small-scale substructures in the DM halos and satellite galaxies are pre-dicted. Measurements disagree with this prediction because they count a num-ber of dwarf galaxies about an order ofmagnitude smaller than in the simulations[106]. Many ultra-faint dwarf galaxies have been detected in the last few years,therefore it is possible that these small halos exist and are not easy to detect.Maybe because the lightest halo is not massive enough to trigger star formation.On the other hand, halos may have been wiped out by tides due to the inter-action with more massive halos. Due to the difficulties that the ΛCDM faces atthe galaxy scale, some theories have been developed to exclude DM from theUniverse formation scenario but still explain some of the observations, in partic-ular the dynamics of stars in galaxies. Following these theories, Newton’s law ofgravity should be modified [274]. The theories are usually referred to as MOND(Modified Newtonian Dynamics) [274]. MOND theories are limited at galaxy clus-ters and cosmological scales even though they can well explain some effects atGalactic scales. Many of these theories have been ruled out by recent studies ofgravitational waves and the precise measurement of the speed of light [100].

3.4 Detection techniques for Dark Matter

3.4.1 Direct search
When a DM particle χ directly interacts with a particle X of the standard modelthrough aprocessχX→χX,we consider these phenomena like direct DMsearches.In the latter, the recoil of the nucleus of a target material with which galacticWIMPs undergo elastic scattering is themeasured quantity. The rate of howmuchsignal can be observed is dependent on the mass of the DM particle and the in-teraction cross section between DM particles and the target. Other importantparameters to consider are the local DM density and velocity distribution in theMilky Way, the latter known with large uncertainties. The spectrum in energy forthe nuclear recoil is dR/dER ∼ R0/(E0r)e

−ER/E0r [246]. The recoil energy and ki-netic energy of the incoming DM particle are ER and E0, respectively. The eventrate per unit mass and the total one areR andR0, respectively. The kinematic fac-tor r depends on themasses of the target nucleusmT and of the DM particlemDMas r = 4mTmDM/(mT+mDM)
2. The DM signal rate can be constrained through themeasurement ofR atER. The former is contained inR0 and, when fixingmDM, canbe used to obtain limits on the elastic-scattering cross section of DM off nucleons.An expected recoil energy of∼ 1-100 keV canbeobtainedwith the assumption of aGalactic velocity of the order of 10−3 c and DMmasses between 10 GeV and 1 TeV.Then, about 1 event keV−1kg−1d−1 is the expected differential rate at Earth [246].A major difficulty arises for direct detection because the recoil event is very rare.
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Another challenge is to gain sensitivity on low-mass DMby lowering the threshold.The background rejection can be performed on electrons recoil from gamma-raybackground external to the target, contamination signals inside the detector andelastic scattering on electrons of neutrinos coming from the Sun. To discriminatethese signals, the pulse shape is usually analyzed. In addition, the nuclear recoilfrom fission should be discriminated. However, this is more difficult and some-times irreducible. Other difficult background signals are alpha particles recoil,interaction between atmospheric muons and neutrons or neutrinos undergoingcoherent scattering with nuclei. Background from external radiogenic and cos-mogenic signals are partially rejected through shields and placing the detectorsin underground laboratories. Moreover, low-background materials are also fun-damental to improve the rejection. The requirements for the detectors are largemass target nuclei, low threshold in ER, low background and good discriminationbetween nuclear and electron recoils. The already built detectors make use ofdifferent materials and target nuclei, apply a variety of detection techniques andcover different DM mass ranges. For instance, large targets with low backgroundare obtained with noble liquid targets, whereas lowER threshold and high energyresolution are reached with cryogenic crystal targets. The scintillation is at thebase of most of the experiments of direct detection. Alternative techniques arealso ionization and low temperature photon techniques, or combinations of them.Darkside and XENON use liquid argon and xenon and apply both ionization andscintillation techniques. DAMA/LIBRA uses scintillator with NaI(Tl), SuperCDMSand EDELWEISS are detectors with cryogenic germanium and silicon and CUOREuses bolometers with tellurium. Experiments like DAMA/LIBRA look for an annualmodulation of the count rate, due to the variation of the distance between thecenter of the Milky Way and the detector. Thus, this technique depends on themotion of the Earth around the Sun. When the relative velocity reaches a peak inJune, peaks in the counts are expected too. DAMA observed a significant signal[78], whichwas however strongly constrained by other experiments. In Fig. 3.5, wesummarize the actual constraints on the spin-independent WIMP-nucleon crosssection from direct DM search. Constraints from observations are challenging thecoherent elastic neutrino-nucleus scattering cross section, the so-called neutrinofloor [97]. This background is irreducible for DM detection, however some mod-els below can be tested with indirect detection. More details on the DM searcheswith direct detection can be found in Ref. [374].

3.4.2 Creation at colliders

To search for DM at colliders, DM particles are produced through interaction ofSM particles which are accelerated in a process XX → χχ. Run 3 at LHC, and col-lisions between protons (pp) at a center of mass energy of 13.6 TeV, could reachthe statistics and luminosity to obtain very constraining limits on DM searches.
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Figure 3.5: Summary on the constraints from direct detection on the spin-independentWIMP-nucleon elastic cross section. The green-shaded region showsthe parameter space excluded by the current sensitivity including all the exper-iments. Colored lines are the sensitivities for either future or upgrades of thealready existing experiments. The neutrino floor is shown by the orange-dashedline, corresponding to the neutrino-nucleus elastic cross section. Figure extractedfrom Ref. [87]

So far, no DM particle candidate was detected and stringent limits have been ob-tained for some DM models. Through pp collisions, the produced DM particlesare not observed directly, however the missing energy can be used as the smok-ing gun signature [176]. For theories beyond the Standard Model (BSM), a singleDM particle and no additional BSM particle are considered. Then, mediators forthe interaction between SM and DM particles like the Z boson or the Higgs bosonare assumed. Models with new BSM particles as mediators, like heavier versionsof SM particles, are more complex. When the considered mediator is heavy, incomparison to the collision energy, DM and SM matter interactions are contact-like and simplified-models can be used. The latter rely on effective field theories(EFTs) [248], reducing the assumptions on the properties of the DM, like on thecoupling with SM particles. Otherwise, some simplified models can be developedby knowing that the mediator will likely decay into SM partons that created it. Themodels describe the visible physics in the final state and not the additional visiblephysics at energies higher than the collider scale [15]. For specific channels, lesssimplifiedmodels can be used, with the additional information on the specific fea-tures and signatures. At LHC, there are some benchmark channels for DM search:
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(i) production via Z boson and invisible decay that shows very large missing trans-verse momentum and eventually a single photon from initial state radiation (ISR),(ii) production via the Higgs boson and decay into a pair of Z bosons that thendecay invisibly, (iii) more general heavy-invisible-particles decays with mediationof Z or Higgs bosons with signatures on the missing energy and ISR, like mono-jet and mono-Higgs, (iv) mediators production together with two top or bottomquarks resulting in multi-jets besides missing energy, (v) more complex specificchannels of production of SUSY particles and missing transverse momentum and(vi) vertexes for displaced decay of long-lived particles (LLP) or more complex sig-natures due to LLP decay, happening only in the external sub detectors (calorime-ters and muon spectrometers). Possible discovery of DM on only colliders cannotbe claimed without confirmation from direct or indirect searches, however newBSMparticles can be discovered. We show in Fig. 3.6 a summary of the constraintsobtained with the ATLAS and CMS experiments on specific models for DM. As acomparison, constraints from direct DM searches are shown. More details in DMsearches at colliders can be found in Ref. [103].

Figure 3.6: Summary for the search of DM at colliders with specific models forATLAS and CMS. Left panel: 95% C.L. ATLAS constraints in the DM mass vs me-diator mass region. Combinations of masses consistent with the relic DM den-sity measurements are given by the dashed line. Right panel: 95% C.L. CMS con-straints on the DM-nucleus cross section, spin-independent and as a function ofDM mass. Constraints from direct searches are also shown. Figures extractedfrom Ref. [103].

3.4.3 Indirect search
The detection of secondary SM particles produced by the self-annihilation of DMin a process χχ → XX is what is referred to as indirect search. X can be a photon,a neutrino, a hadron, a lepton or an electroweak boson. For the different finalstates, instruments have been built to detect the products. When gamma-rays areconsidered as final states, the advantage is that they are not deviated bymagnetic
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fields. Therefore, they come directly from their source and the telescopes can bepointed towards the most DM-dense regions of the Universe. However, a largeastrophysical background has to be dealt with. Moreover, interaction with EBL at-tenuates the gamma-ray spectrum, therefore gamma-rays up to redshift z=1 canbe used. More details about indirect search of DMwith gamma-ray telescopes aregiven in the following. Neutrinos, as gamma-rays, do not deviate from the direc-tion of their source and they do not undergo many interactions, thus probing upto far distances. Only weakly interactions with matter happen, this is why indirectsearch with neutrino telescopes are performed with under-water and under-icelarge size experiments such as ANTARES and IceCube. This makes sure that nobackground sources are producing the detectedmuons, which are then producedby cosmic neutrinos. Prompt DM annihilation can produce neutrinos, which canalso be obtained as a secondary product from the decay of leptons (and antilep-tons) in the final state. DM annihilation also produces couples of gauge bosons,the latter decaying into leptons and finally into neutrinos. Where the neutral Zgauge boson is produced, direct decay into neutrinos can happen. Multiple scat-tering of solar nuclei and DM is a clean channel for indirect search of DM withneutrinos. Inside the Sun, the DM captured particles annihilating producing SMparticles, subsequently decaying into neutrinos. Then, neutrinos escape the Sunand get to the Earth detectors [26, 2]. However, neutrinos are really difficult todetect. Indirect searches can be performed by satellite experiments like AMS andPAMELA, detecting charged CRs. In these cases, the flux of electrons, protons andtheir antiparticles ismeasured. ChargedCRs are deviated by theGalacticmagneticfield at GeV energies, therefore they show an isotropic distribution and cannot beused to get information about the direction of their source, unless very local onesare measured. Therefore, an overall excess of positrons and antiprotons with re-spect to those derived by standard astrophysical processes is searched. The lowbackground is an advantage of searching for antimatter. PAMELA measured anexcess of positrons [27]. This was later confirmed by AMS-02 [31], with betterprecision and for a wider range of energies. These measurements can be inter-preted as a DM signal [320], but also by standard astrophysical processes hap-pening for acceleration of CRs in pulsars [335]. A DM hypothesis should be con-firmed by other experiments and measurements of the flux of antiprotons andgamma-rays. An excess of antiprotons has been observed in measurements withAMS [150]. The latter can be a hint for DM with mass of 40−130 GeV and thermalannihilation cross section. These results are however affected by uncertaintieson the propagation of CRs through the ISM. In Fig. 3.7, we show a summary forconstraints derived with indirect DM search through detection of secondary SMparticles. More details on indirect DM search can be found in [143].
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Figure 3.7: Summary of constraints on WIMP self-annihilation cross section fromindirect detection techniques. The thermal relic cross section is indicated by thegray line, which represents the natural annihilation scale for thermally producedWIMPs. Figure extracted from Ref. [7].

3.4.4 Complementarity of the detection techniques

The various techniques to detect DM are becoming more and more complemen-tary in such away that noweach individual technique is improving its chance to de-tect or tightly constrain the dark matter parameter space in the GeV mass range.Masses at TeV cannot be probed by colliders due to the limited energy at thecenter-of-mass. The same is true for direct detection because the DM particleswith large masses are much less dense. Therefore, indirect detection is the pre-ferred channel to probe TeV mass regime. The challenging region of the neutrinofloor now starts to be approached by direct detection constraints. On the otherhand, the contamination from standard astrophysical emission is a problem forindirect detection. The local DM density is affected by an uncertainty of a fac-tor of two, however the DM density distribution of the observed target is knownwith limited certainty. Fundamental properties like the spin and the couplingscan be understood with production of DM particles at colliders. The former are,for instance, not accessible by indirect detection. However, if a DM particle can-didate were discovered at a collider, confirmation from indirect/direct detectiontechniques would be needed to confirm that the DM permeating the Universe is
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actually made of the new particle. To compare the three techniques for the de-tection, the underlying DM interaction should be known in order to explain theresults. In a model-dependent way, this is done through effective field theories(EFTs) and simplifiedmodels [273]. When the center-of-mass energy for the inter-action is small compared to the mediator mass, the EFT framework can be used.The mediator mass is integrated out leaving the DM particle as the only degreeof freedom. Simplified model approaches are applied when the EFT frameworkcannot be used, as often happens at LHC. The former also includes the mediatorproperties in the calculations. Specified Feynmandiagrams are used for simplifiedmodels, with assumptions on the nature of the mediator and its couplings to DMand SM particles. From the constraints in the parameter space of the mediatormass vs DM mass, which can be derived at colliders, constraints on the DM anni-hilation cross section or DM-nucleon scattering cross section can be derived with-out any further assumption [142]. We show in Fig. 3.8, results obtained by CMS.The interpretation is done through a simplified model including a pair of Diracfermionic DM particles coupling to a mediator in the final state. The mediator canbe vector, axial-vector, scalar or pseudoscalar. In the left panel, the comparisonbetween direct detection and collider searches with the assumption of a scalarmediator, is shown. For masses lower than 10 GeV, the collider constraints sur-pass the direct detection ones by orders of magnitude. The comparison betweenindirect detection and collider searches is done in the right panel, assuming apseudoscalar mediator. In this case, the constraints from collider searches reach200 GeV and the indirect detection constraints becomemore relevant in the sameregion. Constraints on the DMannihilation cross section ⟨σv⟩ can be translated onthe EFT scaleM∗, with EFTs theories [273]. M∗ expresses the strength of the inter-action as a function of the DMmass. Given the different possible mediators, fourcases are considered: scalar (OS), pseudo-scalar (OP ), vector (OV ) or axial-vector(OA) operator. The operators OP and OA are suppressed by the spin of the tar-get nucleus or the scattering momentum exchange. OP and OS are suppressedthrough a Yukawa coupling respecting the principle of minimal flavor violation.Indeed, the indirect detection constraints are suppressed byOS , the direct detec-tion ones are suppressed byOP and both are suppressed byOA. ForOV , there isno suppression of the interactions. Collider constraints are also weakened by OSand OV . The complementarity between indirect, direct and collider techniques isshown by Fig. 3.9. In this, we are showing CTA forecast limits onM∗ as a functionof theDMmass at theGC [273], togetherwith LUX [42] and XENON [46], and ATLAS[1] constraints for the different operators. Overlapping regions of the parameterspace are covered by the techniques, therefore the combination of them probes alarger region than the one covered when a single technique is used. For the scalarcase, the constraints fromdirect detection are the strongest in the fullmass range.For all the mediators, constraints from the indirect searches cover higher massesthan the collider searches. For the axial-vector operator, the indirect searches sur-
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pass the other techniques in the TeVmass range. For the pseudo-scalar scale, theconstraints from the indirect searches are the strongest, however not reachingthe value predicted for the relic density. The three experimental approaches areshown in Fig. 3.10, where the possible DM detection channels are representedschematically for the coupling of SM and DM particles through an unknown inter-action.

Figure 3.8: Simplified models for the comparison of DM detection techniques.
Left panel: comparison of direct detection and searches at collider assuming ascalar mediator. The constraints are for spin independent DM-nucleon scatteringcross section versus DM mass. Right panel: comparison of indirect detection andsearches at collider assuming pseudoscalar mediator. The constraints are for theDM annihilation cross section vs DM mass. Figure extracted from Ref. [273].

3.5 Density distribution of Dark Matter at Galactic
scale

The proportion of DM signals to be detected is given by the magnitude of the DMdensity, which is therefore very important to be estimated around the target ofinterest. To model the DM halos, we can use different parameterizations whichcan be divided in two macro categories: cuspy and cored density profiles. Mostmassive galaxies show cuspy profiles, which can form in places like the Milky Waycentral region, due to the strong gravitational potential of the central supermas-sive black hole Sgr A∗. The two most known cuspy profiles are the Einasto [341]and NFW [292] ones. Einasto parameterization writes as:
ρE(r) = ρsexp

[
− 2
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− 1

)]
(3.4)
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Figure 3.9: Lower limits on the scale M∗ for the EFT theories as a function of theDMmass. The comparison is between indirect, direct and collider searches. Figureextracted from Ref. [273].

Figure 3.10: The three experimental approaches for the possible DM detectionchannels represented schematically with the coupling of SM and DM particlesthrough an unknown interaction, shown as the dash-shaded circle. Figure ex-tracted from Ref. [263].
and the NFW writes as:

ρNFW(r) = ρs

(
r

rs

(
1 +

r

rs

)2
)−1

. (3.5)
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In the equations, r is the distance from the center of the galaxy, ρs is the criticaldensity at the position of the Sun, rs is the scale radius for the slope change in theprofile. The steepness of the profile is given by α. The NFW profile degenerates at
r=0, while ρE(0) is finite. Many galaxy rotation curves suggest that the central DMhalo is flat. For small mass galaxies, a central cored profile can be present. Mainmodels for the latter are the Burkert [107] and the isothermal [89] profiles. TheBurkert parameterization writes as:

ρB(r) = ρ0
r3c

(r + rc)(r2 + r2c)
(3.6)

and the isothermal one writes as:
ρIso(r) = ρ0

(
1 +

( r

rc

)2
)−1

. (3.7)
ρ0 is defined as the density inside the core, while rc represents the radius of thecore. From cuspy profiles, cored ones can be obtained by the following modeling:

ρE−NFW,core =

{
ρE−NFW(r) for r > rc

ρE−NFW(rc) for r ≤ rc
(3.8)

These parameterizations are derived from N-body simulations and observationsof the kinematic of stars and gas. Nevertheless, the baryonic component is notincluded in these profiles because much more sophisticated N-body simulationsare required for the inclusion [165]. Another component which can alter the DMdensity profile through tidal stripping or disruption is the interaction with otherhalos. The smallest one can be disrupted by the interaction [307]. We show ex-amples for the DM density profiles in Fig. 3.11. For the regions close to the GC,the cuspy profiles are 3 or 4 orders of magnitude larger than the cored profiles.The GC dynamics can be reproduced by several DM profiles, because the gravita-tional potential is actually dominated by stars and gas. The search for DM signal islargely affected by the wide uncertainties on the Galactic halo profile. Thereforealso the obtained constraints on the annihilation cross section can vary by manyorders of magnitude as a consequence of the assumed DM density distribution.

3.6 Gamma-ray targets for Dark Matter search
When looking for DM, targets with very dense DM halos or clumps need to beobserved. These dense regions can host the decay or annihilation of the relicDM particles producing the detectable gamma-ray signal. More details on thecharacteristics of the expected flux of gamma-rays fromDMannihilation are givenlater. Here, we briefly explain what DM dense regions are.
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Figure 3.11: DM distribution in the GC region for two examples of the Einasto(black and red lines), NFW (pink line) and Burkert (blue line) profiles.

The Galactic Center (GC) is about 8.127 kpc away [185] from the solar sys-tem and is the closest target to detect DM signal. It is expected to contain a largeamount of DM, as it was explained in the previous section. When assuming astandard NFW profile, the integrated square density of DM along the line of sightwithin 1◦ region around the GC is log10(J/GeV2cm−5) = 21.0. The J -factor repre-sents the distribution of darkmatter in an astrophysical systemanddetermine thestrength of the signal of DM distribution from the observed target. It will be ex-plained in Sec. 3.7. Therefore, the largest gamma-ray signal from DM is expectedfrom this region. However, the several regions that are present in the regions andemitting in VHE (see Chap. 5) make the expected background not easy to model.This region was observed for a large amount of hours by H.E.S.S. and Fermi-LAT,resulting in the strongest constraints so far on DM annihilation. We explain moreabout theDMsearch towards the inner halo of theMilkyWaywith the InnerGalaxySurvey dataset in Chapter 8. Fermi-LAT also measured an excess in GeV gamma-rays from the GC region that could be explained as from DM annihilation [237],however explanations from more standard astrophysical sources are more plau-sible [115], when DM is not detected towards other cleaner environments, e.g.dwarf galaxies. There are also studies relating the TeV gamma-ray flux observedby H.E.S.S. towards Sgr A∗ to DM signal [115]. A Fermi-LAT observation claimed ahint of DM signal with DM mass of 130 GeV near the GC [351], which was later
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rejected by H.E.S.S. [6].
DMsubhalos are predicted of various sizes in themainDMhalos by cosmolog-ical simulations. From Earth, gamma-rays produced by the halos that are insidethe Milky Way are potentially detectable. Small halos do not have large sufficientgravitational potential to accumulate enough matter and ignite star formation,thus they may not shine in gamma-rays unless through DM annihilation signals.Some of the subhalos could be close enough to Earth and made of a relevantDM density such that can be detected. However, their position is completely un-known. Therefore, pointing observations is not the ideal strategy. The observa-tions in wide-field with Fermi-LAT revealed a population of sources with no coun-terpart at other wavelengths, the unidentified Fermi objects (UFOs). These are fa-vorable candidates for DM subhalos [226], and have been targeted by H.E.S.S. ob-servations and we show the results of this analysis in Chap 9.
Dwarf galaxies in the Local Group satellites of the Milky Way (dSphs) are themost DM-dominated objects of the Universe, located not too far from Earth (25to 250 kpc away). They do not ignite star formation and are almost devoid of gas.This makes them a clean environment for observations in gamma-rays and DMannihilation can be easily associated with an emission from dSphs. Moreover,they are close targets with an expected large signal as compared to other targetssuch as the galaxy clusters. The J-factor of dSphs, integrated in a region of 0.5◦,is of the order of log10(J/GeV2cm−5) = 18.0-19.0. Thus, dSphs are very promisingtargets for unambiguous detection of DM signals and have been targeted by ob-servations with IACTs. DM search with H.E.S.S. have been performed towards aselection of dSphs and the results are shown in [14].
Galaxy clusters are the largest systems dominated by DM and gravitation-ally bound. About 80% of their mass is DM [220]. However, they are very farfrom the Solar system. The J-factor, integrated in a region of 1◦ is of the order oflog10(J/GeV2cm−5) = 16.0-17.0. Nevertheless, they have been used to derive con-straints a few orders of magnitude fainter than the ones from GC observations.They are however very promising targets for DM decay [21], for which very largevolumes mean more efficient searches, because they present a very large mass,1014-1015 times the mass of the Sun. The decay produces electrons and positronsthat undergo ICS and lose energy much faster than they can diffuse out of thesystem, being therefore a source of gamma-rays before escaping.
A possible detected DM signal must be strong and distinguishable for back-ground emissions. So DM is better searched for in targets with large DM content,which are close by and present low astrophysical background from standard as-trophysical sources. Since the GC is the closest to the observers, it is also themost promising target. Unambiguous detection is also possible in other promis-ing targets such as subhalos and dwarf galaxy satellites of the Milky Way, becausethey show the lowest possible background at a relatively small distance from theobserver.
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3.7 Expected flux of gamma rays from annihilating
Dark Matter

DMannihilation in DMdense environments can produce gamma-rays that are de-tectable by the IACTs. However, the expected flux of gamma rays is dependenton the assumptions made on the annihilation processes and how the DM is dis-tributed in the target. The flux of gamma-rays writes as:
dΦγ

dE
(E,∆Ω) =

1

4π

⟨σv⟩
m2

DM

∑
i

Bri
dNi

dE
(E)︸ ︷︷ ︸

particle physics

× J(∆Ω)︸ ︷︷ ︸
astrophysics

. (3.9)

The particle physics information on the properties of theDMparticles is containedin the first term: the mass mDM, the thermally averaged velocity weighted anni-hilation cross section ⟨σv⟩, the spectrum from annihilation dN/dEi for a specificchannel i and the corresponding branching ratio Bri. The astrophysics informa-tion about the DM distribution around the target is encoded in the second termof the equation. This quantity is represented by the J-factor, which is computedas the integral of the square of the DM density over the line of sight los and thesolid angle ∆Ω. The J-factor is given by:
J(∆Ω) =

∫
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∫
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ρ2(r(s, θ))dsdΩ. (3.10)
When signals from DM decay are searched, the J-factor is substituted by the D-factor, D =

∫
∆Ω

∫
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ρ(r(s, θ))dsdΩ. The J-factor can be computed as average overan integration region ∆Ω:
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(3.11)

The term θ represents an annular radius and l and b are the longitude and latitudecoordinates. To estimate the number of gamma-rays that the telescope observes,
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we need to consider the actual flux of gamma-rays dΦγ/dE, the characteristicsof the detector and the information about the observation. Therefore, by theconvolution of the differential flux with the detector effective area Aγ
eff and withthe energy resolution G(E), and integrating over time of observation Tobs andenergy ∆E we obtain the number count of gamma-rays as:

NS,γ = Tobs

∫
∆E

dΦγ

dE
(E,∆Ω)Aγ

effG(E)dE. (3.12)
The instrument response functions such as the effective area and the energy res-olution depend on the observation conditions (e.g. zenith angle and offset of theobservations), as well as on the energy. This was already explained in Sec. 2.5.3.

3.8 Annihilation spectra

3.8.1 Signal from continuum
Several final states of particles are allowed from the annihilation of DM, in the con-text of particle physics. From tree-level annihilation, leptons, quarks or bosonscan be produced, assuming large enough mass of the DM particles to producethem. From final state particles, gamma-rays can then be produced from decayor hadronization. The part of the spectrum of gamma-rays obtained by these pro-cesses is known as the continuum. Since the annihilation of cold DM is assumedat rest, the spectrum will present a cutoff at mDM. The shape of the spectrumfor lower energies changes according to which particles are present in the finalstate. We show in Fig. 3.12 continuum spectra for annihilation in some channels,for particles ofmDM = 10 TeV, computed from Ref. [124]. We also show compari-son spectra from a gamma-ray yield from a more recent study [55]. We will showmore details about this in Chap. 10. Leptonic spectra are steeper close to mDM,thus the maximum of the spectra is close to the latter. For bosonic and quarkchannels, the maximum of the spectra appears at about mDM/10. In the chan-nel τ+τ−, features from both hadronic and leptonic channels are present and thepeak is close tomDM/3. It also results in the strongest signal at the peak. In the fol-lowing, we consider 100% branching ratio in each single channel, referring to theXX channel (X can then be X = W,Z, b, t, e, µ, τ,H . However, branching ratios aredependent on themass and spin of the particle X and on the choice of darkmatterparticles. Therefore for each candidate and combination, there can be differentmodels producing different branching ratios.
3.8.2 Signal frommono-energetic line
Final annihilation of DMparticles can also directly produce photons, but not at thetree-level. Two photons production can happen through loops. The cross section
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Figure 3.12: Spectra of photons expected from DM particles self-annihilating inthe XX channels with X = W,Z, b, t, e, µ, τ,H . Left panel: comparison of spectraextracted from PPPC4DMID in Ref. [124] for the annihilation channels used in thiswork. Right panel: comparison of spectra for annihilation of DM inW+W− for thetwo gamma-ray yields used later, PPPC4DMID and HDMSpectra from Ref. [55].
of this process scales with the square of the electroweak coupling α2

EW and it issuppressed. For the WIMP mass in the TeV range, the signal is 102-104 smallerthan the continuum [319]. The photon spectrum that is obtained from promptannihilation is referred to as the gamma line. The latter is a monoenergetic line,behaving as a Dirac delta function at the mass of DM δ(E − mDM). In a realisticcase, an instrument with finite resolution can detect a spread line, which can bemodeled through a Gaussian function with width equal to the energy resolution.This line is the sharpest and clearest signal from DM annihilation. However, it isalso the most difficult to detect due to the small expected cross section and thestrong sensitivity to fluctuations in the dataset. At the same time, this channelwould show the most unambiguous DM detection, since it cannot be mimickedby any other standard astrophysical process.
3.8.3 Astrophysical and particle physics enhancement
Some additional photons can be produced by processes that are enhancing theDM signal. The main contributions among these particle physics processes arethe electroweak (EW) corrections and the Sommerfeld enhancement. The spec-tra shown before already take into account the EW corrections. The ICS with theambient radiation in the ISM (like for instance the CMB) can happen for states con-taining light leptons [127]. The spectra obtained from Ref. [124] do not containthe photons from ICS. The main astrophysical contribution to the enhancement

72



of the DM signal comes from the presence of subhalos
Sub-halos are substructures inside themain DMhalo and are predicted by thesimulations (see Sec. 3.6). The standard expected DM signal is obtained from thesmooth distribution of DM in the host halo, but subhalos could boost this signal[279]. The central cusp of these halos is much steeper than the one in largerhalos. Then, the total J-factor for the DM signal is obtained by the sum of thesmooth distribution of the main halo and the distributions of the subhalos. Thesubstructures contributemore in the outer part of themain halo than in the innerone. However, whether the gamma-ray signal is really boosted by the subhalodistributions is still under debate [122].
Electroweak corrections consist in possible production of additional radia-tion when the DM particles with mass larger than the EW scale (≥ 100 GeV) anni-hilate into a couple of charged particles [123]. When an additional photon is ob-tained by one of the particles out of the interaction vertex, we are talking aboutfinal state radiation (FSR). Instead, when virtual exchanged particles produce aphoton we are talking about virtual internal bremsstrahlung (VIB). At larger DMmasses, the intensities of these emissions increase. These two phenomena con-tribute in the addition of sharp line-like features at the end of the spectrum, near

mDM. The W boson channel spectra show these important features, which arevisible in the spectrum in Fig. 3.12.
The Sommerfeld effect is a classical quantum effect that happens for low ve-locity regimes, when two initial state DM particles exchange the mediation of theinteraction for many times before the annihilation takes place [339]. Since thisprocess happens at non-relativistic velocities, it can be hosted by DM halos wheretheDMparticlesmovewith relative velocities of the order of β = v/c = 10−5 (v = 10km s−1). Particles interact with a Yukawa-like potential V (r) = −(α/r) exp(−mVr),exchanging a vector boson of mass mV , with α being the coupling constant. Theenhancement of a factor S(β,mDM,mV) is applied on the initial value of the ther-mal relic cross section ⟨σv⟩0 to obtain the value ⟨σv⟩ = S(β,mDM,mV )⟨σv⟩0. De-pending on the relative velocity β [240] three regimes can be defined as shown inFig. 3.13. At large velocities, withβ >> α, no enhancement is present, i.e.S(β,mDM,mV )= 1. This regime is shown by and considered for β = 10−1. At intermediatevelocities, when √

αmV/mDM ≪ β ≪ α, the enhancement scales as 1/v and
S(β,mDM,mV ) ≃ πα/β independently on the masses. This regime is given bythe green line for β = 10−2 and shows no resonance. At small velocities, when
β ≪

√
αmV /mDM, some resonance happens due to the presence of bound states,as shown by the yellow, magenta and purple lines (β = 10−3−10−5). The enhance-ment depends on the particlemass and scales∝ 1/β2. For the very small velocitiesexpected in the DM halos, the increasing of the relic cross section can be up to afactor 105 due to resonances. The position of the resonances is given by the massof the DM and of the mediatormV, i.e. the strength of the coupling between me-diator and DM particle. Small DM masses produce the largest resonances. Large
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mV shifts the resonances to largermDM.

Figure 3.13: Sommerfeld effect induced intensity for DM annihilation into thechannelW+W− mediated by the Z boson. The intensity is shown as a function ofthe DMmass. Relative DM velocities in the range of 10−1-10−5 are considered forthe shown effect. Figure extracted from Ref. [240].
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Chapter 4

Statistical methods for Dark Matter
and outflows searches

Contents
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.2 Test-Statistics-based methods . . . . . . . . . . . . . . . . 79

4.2.1 The likelihood function . . . . . . . . . . . . . . . . . . . 80

4.2.2 The log-likelihood ratio test-statistics . . . . . . . . . . . . 80

4.2.3 Profiling likelihood technique . . . . . . . . . . . . . . . . 81

4.2.4 Binned Likelihood technique . . . . . . . . . . . . . . . . . 82

4.2.5 Combination of likelihood functions . . . . . . . . . . . . 82

4.3 Mock data framework . . . . . . . . . . . . . . . . . . . . . 83

4.4 Limit computation on the free parameters . . . . . . . . 84

4.4.1 Poisson probability function . . . . . . . . . . . . . . . . . 84

4.4.2 Significance of the measured excess . . . . . . . . . . . . . 86

4.4.3 Computation of observed and expected limits . . . . . . . 86

4.5 Including uncertainties in the limit computation . . . . . 88

4.5.1 Residual background uncertainty . . . . . . . . . . . . . . 89

4.5.2 Nuisance parameter for the J-factor statistical uncertainty 90

4.6 Reconstruction performance on injected values of the
free parameter . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.7 Outlook for Test-Statistics-based approaches . . . . . . . 92

4.8 Neural-Network-based methods . . . . . . . . . . . . . . . 93

4.8.1 Neural networks for signal-background separation . . . . . 93

4.8.2 Bayesian Neural Network structure . . . . . . . . . . . . . 94

77



4.8.3 Transformed Bayesian Neural Networks . . . . . . . . . . 96

4.9 Additive Mixture . . . . . . . . . . . . . . . . . . . . . . . . 96

4.10 Synthetic Experiments . . . . . . . . . . . . . . . . . . . . 98

4.10.1 Inference algorithm . . . . . . . . . . . . . . . . . . . . . . 99

4.10.2 Training of a simple individual Bayesian Neural Networks 99

4.10.3 Synthetic Additive Mixture . . . . . . . . . . . . . . . . . 100

4.11 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.12 Outlook for Neural-Networks-based approaches . . . . . 104

SummaryA commonapproach for the search of VHEemissions is to apply the log-likelihoodratio test statistics (LLRTS) on the measured dataset. Sec. 4.1 introduces the con-cepts explained in the chapter. Then the part dedicated to the TS technique isorganized as follows: the Test Statistics and the likelihood function are defined inSec. 4.2, we define the framework in which we build the mock dataset in Sec. 4.3,we then explain the derivation of limits on the free parameters of a model for thesearched emission in Sec. 4.4, we show how to include possible sources of un-certainties in the likelihood function in Sec. 4.5, we briefly discuss how to recon-struct a fake injected signal in Sec. 4.6 and we conclude with some perspectivesin Sec. 4.7.Another approach for disentangling weak signals from the background emis-sion consists of the application of machine-learning-based methods such as neu-ral networks (NNs). We show in the second part of the chapter how Bayesian Neu-ral Networks (BNNs) can be used to disentangle the signal from a non-trivial back-ground. The part dedicated to the BNN approach is organized as follows: Sec. 4.8is an introduction on Neural Networks and the transformed Bayesian Neural Net-works that we are using, Sec. 4.9 shows the additive mixture of synthetic signaland background that we want to study with our framework, some experimentsare shown in Sec. 4.10 and the results are given in Sec. 4.11, we conclude withsome outlook in Sec. 4.12. The results obtainedwith our BayesianNeural Networkframework, at the moment of the writing, have been submitted to ICLR2023 [64].
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4.1 Introduction

In VHE astrophysics we search for weak phenomena/signals in datasets includ-ing either a modeled or measured background. This chapter presents two ap-proaches that can be used to search for weak signals in the presence of a non-trivial background emissions.
Within the LLRTS approach, the phenomena can be modeled through randomprocesses. Therefore, probability density functions are needed to characterize theobserved events. Then the LLRTS technique can be used to disentangle the signalemission from the background one. The first part of this chapter is dedicatedto explaining the LLRTS approach. We define the likelihood function for Poissonprobability density functions together with the TS that can be used for detectionor derivation of limits in the works presented in later chapters. This method islater applied to the searches for DM and the Fermi Bubbles’ TeV emissions and tomeasuring/constraining the parameters used to model the searched emissions.To better show how the methods can be applied, we provide examples with amock dataset of 500 hours of observation of the Galactic Center region with thefull five-telescopes H.E.S.S. array. With this dataset, we search for VHE signal ofDM self annihilation, deriving constraints on the annihilation cross section of theDM particles. The results obtained with the TS framework are shown in the firstpart of this chapter
Machine-learning-based methods can be used as predictive models to searchfor weak emissions in background dominated regions relaxing the a-priori as-sumptions on the knowledge of the background emission. The second part of thischapter is dedicated to show how Bayesian Neural Networks (BNNs) can be usedto disentangle the signal from a non-trivial background. We first recap the basicsof the NNs that we are using, then we explain how we combine them to learn amodel of simulated emission which is defined over spatial and spectral coordi-nates. We also show experiments that we performed on the simulated syntheticdataset and we conclude with future foreseen improvements and applications fordark matter searches. The results obtained with the BNN framework are shownin the second part of the chapter.

4.2 Test-Statistics-based methods

In order to search for an emission in a dataset, we first define a model with whichthe former can be described. Then, one can define a methodology to detect orset limits on the values of free parameters of the model. These limits can be com-puted through test statistics. In this section, we define the main components ofthe Log-Likelihood Ratio Test Statistics (LLRTS) technique. This method is commonlyapplied for analyses of H.E.S.S. datasets and the search of outflows or DM signals.
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4.2.1 The likelihood function
When the model of the searched emission is defined, we use the likelihood func-tion to derive or measure constraints on the chosen free parameter of themodel.One can start by considering an observed dataset O. We can write the probabil-ity density function of the dataset as f(O, θ). The set θ includes all the parame-ters that determine the density function. If the dataset O is constituted by theobserved values xi, we can write the probability density functions for each ofthe values as f(xi, θ). In this case, the set of parameters θ determines the indi-vidual functions. Under the assumption of homogeneously and independentlydistributed observed values, i.e. O = {xi}ni=1, the likelihood function of the wholedataset writes as:

L(θ,O) =
n∏

i=1

f(xi|θ) (4.1)
The logarithm of this function can be extracted to obtain the log-likelihood:

ln L(θ,O) =
n∑

i=1

ln f(xi|θ) (4.2)
Therefore, the probability that the event xi is observed for a model that de-pends on θ is given by the likelihood function, which is a function of the parame-ters θ.

4.2.2 The log-likelihood ratio test-statistics
The hypothesis of the new searched phenomenon is defined asH1(θ1), dependingon the set of parameters θ1 that characterizes the searched emission. Then, thelatter is compared to a null-hypothesis H0(θ0), being it the hypothesis with onlybackground emission and depending on the set θ0. To state that the searched sig-nal has been found, the hypothesisH1 has to bemore likely thanH0. The probabil-ity that the latter is true is obtained by the comparison of two likelihood functionsbuilt under the two hypotheses. Therefore, we define a test statistics TS to assesswhich hypothesis is more compatible with the data. The LLRTS is defined as:

TS = −2ln λ(θ) = −2ln L(θ1,O)

L(θ0,O)
. (4.3)

In the limit of high statistics, the TS follows a χ2 distribution [365]. Therefore,assuming one free parameter in the model used for the hypothesis H1, the 95%C.L. limits on the latter can be derived by taking its value corresponding to TS= 2.71, for a one-sided likelihood and one degree of freedom between the twohypotheses. Similarly, TS = 3.84 corresponds to 99% C.L. limits. TS values for
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other C.L. can be derived by considering values of the χ2 for different degrees offreedom, when the limit of high statistics is considered.
4.2.3 Profiling likelihood technique
In this work, we applied the full profiling definition of the TS. A detailed descrip-tion of this definition is provided in Ref. [147]. Then, the ratio of the likelihoodfunctions for the H1 and H0 hypotheses is defined as:

λ(θ) =
L( ̂̂θ1,O)

L(θ̂0,O)
(4.4)

with θ1 and θ0 the sets of parameters for the hypothesesH1 andH0. This definition
is valid for 0 ≤ θ̂ ≤ θ. The term ̂̂

θ is computed from a conditional maximization
of the likelihood function, therefore it depends on θ. Instead, θ̂ is derived from anon-conditional maximization of the likelihood function and does not depend on
θ. In cases where θ̂ < 0, the hybrid profiling definition can be applied. In this casethe ratio of the likelihood functions is defined as:

λ(θ) =
L( ̂̂θ1,O)

L( ̂̂θ0(0),O)
. (4.5)

A simplified definition, with no profiling of the likelihood, can be adopted. Inthis case the the ratio of the likelihood functions is defined as:
λ(θ) =

L(θ̂1,O)

L(θ̂0,O)
. (4.6)

In case of discovery we can write:
TS = λ(0). (4.7)

This implies rejecting the hypothesis of background-only emission [147]. To definea discovery we need to take into account the significance of the excess in theobserved signal. Wewill presentmore details about how to derive the significanceof the excess in Sec. 4.4.2.The full profiling approach is the most robust one and permits to obtain thebest constraints, however the hypotheses needed for this approach may not beeasily satisfied when a very small signal is searched for. This can be especiallytrue for regions like the GC, where the residual background can be contaminatedand difficult to estimate. Moreover, high fluctuations are present in the measure-ments in this region. In later chapters, the full profiling approach is used for theanalyses presented in this work.
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4.2.4 Binned Likelihood technique
The analyses that are presented in this work are built onmassive datasets. There-fore, anun-binned likelihood, i.e. event-by-event, approach is not applicable. Thus,the analyses are performed with binned datasets. As a consequence, the likeli-hood function which is used for the derivation of constraints on the parametersof the tested model is binned. Spectral bins are defined on the energy range inwhich the instrument is sensitive. Spatial bins are usually defined on the region ofthe sky where the events are measured. One example is the search for dark mat-ter annihilation signals in the dataset of H.E.S.S. observations towards the GalacticCenter region. For this analysis, spatial and spectral bins are used for the likeli-hood function to better exploit the morphology of the expected dark matter sig-nal. The binned likelihood function is therefore built as Li,j , for the ith spatial and
jth spectral bins. To obtain the limits for the tested hypothesis, the total likelihoodfunction is obtained through the product of the binned function over all the bins:
L =

∏
i,j Li,j .

4.2.5 Combination of likelihood functions
Multiple astrophysical objects or regions of the sky can be used for the measure-ment or derivation of constraints on the same searched model. Therefore a totallikelihood function is defined for each of the dataset, for each object as it wasexplained in the previous section. Limits on the model of the searched emissioncan be obtained with each individual dataset or the likelihood functions of thedatasets can be combined in a combined likelihood function to obtain combinedlimits with the TS. The combination of the datasets can be performed when nosignificant overall excess is found anywhere in the FoV in none of the individualdatasets nor in the stacked datasets. The combined likelihood function is thendefined as: Lcomb =

∏Ntargets

k=1 Lk, where Lk is the total likelihood computed for thetarget and the dataset k. The constraints obtained with the combined likelihoodfunction are obviously stronger than the constraints obtained with the functionsfor the individual datasets because of the larger statistics.Two approaches can be utilized for the combination of the functions. One ap-proach consists in the sum of the statistics obtained either in all the individualdatasets or in datasets from different instruments. The total number of mea-sured events can be obtained for each energy bin i and spatial bin j by summingthe events over the k dataset. The same procedure is applied for the derivationof expected events from background and from the signal emission. Then the to-tal likelihood is built as the product over the likelihood functions for each energyand space bin Lcomb =
∏

i,j Li,j,tot. In this case, for each spatial and spectral bin,the subscript tot indicates that the likelihood function is obtained with the sumof the events in the bins, over the dataset. However, combining Li,j,tot producesloss of information. In fact, when the combination includes some datasets with
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many more events than some other in the combination, the possible fluctuationsdue to different statistics are smoothed out. This can be avoided when the combi-nation is performed at another level. The total likelihood function can be built aspreviously mentioned for each dataset k: Lk =
∏

i,j Li,j,k. Then the combined like-lihood function is obtained through the product of the functions over the index k,
i.e. Lcomb =

∏Ntargets

k=1 Lk.More details on the combination of likelihood functions and limits derivationfrom several datasets are provided in Sec. 9.5.3 and Sec. 9.5.4. In these sections,quantitative examples on the derivation of TS profile from the two likelihood com-bination approaches are also provided for one of the analyses shown in this work.

4.3 Mock data framework
In VHE astrophysical analyses we search for an emission in a defined region ofinterest (ROI), referred hereafter to as the ON region. A widely used approach istomeasure the background in a control region, the so-calledOFF region. Methodsfor the definition of the OFF region have been already shown in Sec. 2.4.2 andothers will be introduced later to explain more in detail how events in the OFFregions are measured. The ROI for the example shown in this chapter is definedfrom a standard definition for the search for DM signal from the region aroundthe center of the Milky Way - the Galactic Center (GC) region. It is considered asa circular region of 3◦ radius, which is split in rings of width 0.1◦. The rings areconsidered from inner radius of 0.3◦ up to 2.9◦, centered on the GC. More detailsabout this way of defining the ROI are provided in Sec. 8.2.ThenONandOFF events canbemeasured, collected independently andbinnedin energy to build event energy distributions for the ON and OFF regions, respec-tively. For the example shown in this chapter, we build a mock dataset from Pois-son realizations of the real residual-backgroundmeasurements obtainedwith ob-servations of the GC region that the H.E.S.S. Collaboration performed in the lastyears. More details on the observed dataset and on the analyses performed withit are given later in Chap. 6. We make independent realizations for the ON andOFF simulated distributions, using the OFF events measured in each energy binof the measured distributions. Therefore, the mean of the Poisson probabilityfunction is set to NOFF. These realizations are computed for each observational
run in the dataset. Moreover, the obtained simulated distributions are re-scaledassuming 500 hours of homogeneous observations of the inner halo of the MilkyWay, spanning Galactic latitudes from b=-3◦ up to b=6◦and in Galactic longitudesof l ≤ |4|◦, with the full-five telescopes H.E.S.S. array.Fig. 4.1 shows an example of the event distributions used in the first part ofthis chapter for ROI 22 in black and red, respectively. Statistical error bands at 1σare shown too. The two distributions show the standard power-law like behaviorexpected from measurements of the residual-background. However, above ∼ 10
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TeV, the number of measured events stays constant. This is due to the populationof events measured and reconstructed in the configuration CT1-4 Stereo, becausethe four small telescopes of the H.E.S.S. array are more sensitive to high energiesfor the reconstruction of events. The reconstruction modes have been alreadypresented in Sec. 2.6. More detail on how the event distributions are built withthe standard measurement methods used for analysis of H.E.S.S. datasets areprovided later in Sec. 8.2 and Sec. 7.3.

4.4 Limit computation on the free parameters

Once our event energy distributions are defined, we can search for the expectedemission in the region of interest. If no significant excess is found in theON regionw.r.t. the OFF region, we can apply the LLRTS procedure with the distributionsand derive limits on the parameters for the model of DM self-annihilating in the
W+W− annihilation channel and following an Einasto density profile (more detailsare provided in Sec. 3.5).As was previously described, an hypothesis with a model for the searchedemission can then be tested against the hypothesis of background only. To dothis, one can define the likelihood function and the test statistic. Limits on thefree parameters of the assumed model can then be derived. In the next sectionswe explain in detail how this is implemented.

4.4.1 Poisson probability function
To test emission models against background only hypotheses in VHE gamma-raydatasets, we have to deal with counting problems. To treat the latter, we definePoisson distributions of counts xi. We then define the measured number of pho-tons in the ON and OFF regions as NON and NOFF, respectively. Then, to searchfor dark matter annihilation signals, we expect to measureNS signal photons and
NB background photons from residual background in the ON region. NS is de-rived from Eq. 3.12 (more details on the derivation are provided in Sec. 3.8). Themeasured photonsNON are distributed according to a Poisson functionwithmean
NS+NB. If a leakage of signal photons is expected in theOFF region,N ′

S signal pho-tons andαNB background photons should bemeasured. The termα indicates theratio between the solid angle size in the sky of the OFF andON regions. Therefore,theNOFF photons are distributed as a Poisson functionwithmean valueN ′
S+αNB.Having defined the distribution functions, we can then write the likelihood func-tion as:

L(NS, NB|NON, NOFF, α) =
(NS+NB)

NON

NON!
e−(NS+NB) (N

′
S+αNB)

NOFF

NOFF!
e−(N ′

S+αNB). (4.8)
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Figure 4.1: Event energy distributions for one of the region of interest (ROI 22) de-fined for the search of DM annihilation signals in the GC region. The ON and OFFdistributions are obtained from 100 Poisson realizations of the OFFmeasured dis-tribution in order to mimic two independent measurements in absence of signal.The steady number of events above ∼ 10 TeV is due to the realizations of popu-lations of events measured by the four small telescopes and reconstructed in the
CT1-4 Stereo configuration.

In the full profiling approach, we can redefine the TS that we have introducedin Sec. 4.2.3. In TS = −2ln(λ), we consider:

λ(NS) =
L(NS,

̂̂
NB(NS))

L(N̂S, N̂B(NS))
. (4.9)

The equation is valid for 0 ≤ N̂S ≤ NS. N̂B is a non-conditional maximizationso it does not depend on NS, which is maximized independently. Therefore, we
obtain N̂B = NOFF/α and N̂S = NON − NOFF/α. When N̂S < 0 (expectation canbe negative because fluctuations can produce negative values), the TS needs to
be defined as the hybrid profiling approach. Instead for N̂S > NS, TS≡0. ̂̂

NB(NS)is obtained from the conditional maximization dL/dNB = 0 and it corresponds tothe best estimate of the background for a given signal NS.
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4.4.2 Significance of the measured excess
The measured events in the ON and OFF regions are compared to search for anexcess in the signal region with respect to background. Following Ref. [247], thesignificance of the excess can be computed as:
S = sign√

2

{
NON ln

[
1+α
α

(
NON

NON+NOFF

)]
+NOFF ln

[
(1 + α)

(
NOFF

NON+NOFF

)]}1/2 (4.10)
where the sign is negative in case NOFF > NON and negative significance is thencomputed. To consider an observed excess in gamma-ray astrophysics as signifi-cant, S above 5σ has to be obtained.
4.4.3 Computation of observed and expected limits
As was shown in Eq. 3.12, the expected number of events from self-annihilatingDMparticles depends on the velocity-weighted annihilation cross section ⟨σv⟩. Wekeep as free parameter in the equation ⟨σv⟩ and fix the other parameters in themodel, like the DMmassmDM, the annihilation channel and the J -factor value forthe DM distribution. Therefore, by using Eq. 4.8 and the LLRTS procedure we cancompute upper limits on ⟨σv⟩. This is done for a DM particle of mass mDM thatproduces an annihilation spectrum dN/dE and for the DM distribution describedby the J-factor J .Upper limits (U.L.) at 95% C.L. are then obtained, as a function ofmDM, by usingthe events for the computation of the terms NON, NOFF and NB. The 95% C.L. U.L
⟨σv⟩ corresponds to TS = 2.71. All the values of ⟨σv⟩ for TS larger than 2.71 areexcluded at 95% C.L..We show here results for the derivation of expected upper limits. A refinedestimate for expected limits is obtained through the Poisson realizations of themeasured background event distributions, as previously explained. The expecteddistributions are shown in Fig. 4.1.For each of the realization of ON and OFF distribution, the computation of the95% C.L. upper limits with the LLRTS procedure is performed. To obtain the meanexpected limits, the mean of the distribution of ⟨σv⟩ values obtained through therealizations is extracted. The containment bands at 68% and 95% C.L. are ob-tained by the standard deviation of the same distribution. We show one exampleof the latter for of the log-values of ⟨σv⟩ obtained with the realizations in Fig. 4.3.The mean of the distribution is -25.26, with standard deviation 0.08. Expectedlimits and containment bands derived with this procedure are shown in Fig. 4.2.The expected limits are shown as the black solid line. The containment bands areshown as the green and yellow shaded areas for the 68% and 95% C.L., respec-tively.Expected limits and containment bands can also be computed through an al-ternative method, the Asimov dataset [147]. This can be used to quickly explore
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Figure 4.2: Limits on ⟨σv⟩ for DM particles annihilating in theW+W− channel andfor DM distributed in the target as an Einasto profile. H.E.S.S. II like event distri-butions are obtained as mock dataset from realizations of an observed H.E.S.S. IIdataset, with events reconstructed in the CT1-5 Stereo configuration. Expectedlimits (black solid line) are obtained from 100 realizations of the background. 68%and 95% containment bands are shown and are obtained from the standard de-viation for distributions like the one shown in Fig. 4.3.

the sensitivity of the experiment to DM in an annihilation channel. The Asimovdataset is an artificial dataset which reproduces the real parameter values whenthe estimators in the LLRTS are evaluated. Setting the partial derivatives of theLikelihood function, with respect to the parameters, equal to 0 gives the resultsfor the estimators. Data counts in the Asimov dataset correspond to the resultof a very-large-statistics Monte Carlo realization and therefore coincide with themean expectation of the corresponding actual measurements. For this setup, wefix NON = NOFF in Eq. 4.8, corresponding to no excess. For a likelihood functiondefined by a Poisson function L(λ|d) = λd

d
exp(−λ), using the Asimov dataset con-sists in setting d equal to themeanλ and calculating the limit from this. This avoidsmaking realizations on d, calculating λ95% and taking the mean for each one. Thisconsists in computing the TS as TS = (Φ−1(0.95) ± N)2, where Φ is the cumu-lative distribution function of a standard normal distribution, with mean µ = 0and width σ = 1. To compute the containment bands, we add N . The usual LL-RTS for TS = 2.71 is given by N = 0, which results in the mean expected limits.
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Figure 4.3: Distribution of log10⟨σv⟩computed with 100 realizations for back-ground and signal count measurements for a DM particle with mass 1 TeV. Themean of the distribution is -25.27 and the standard deviation is 0.08.
A more detailed comparison between the expected limits derivation with the Asi-mov dataset and realizations of the truemeasurements is shown later in Sec. 10.3together with examples.

4.5 Includinguncertainties in the limit computation
Several sources of uncertainties can affect the derivation of the limits. For the DManalysis, the GC region is observed for the collection of the dataset. As previouslyexplained, this region is crowded with numerous VHE sources. One strategy isto mask these known emissions and thus avoid leakage of signal in the region ofinterest of our analysis.The level of Night Sky Background (NSB) can be subject to significant changesin the inner halo of theMilkyWay. However, the shower templatemethod appliedfor the analysis of the raw data used in this example, as described in Ref. [153],performs a dedicated treatment of the NSB. Therefore, whenmeasuring the back-ground, no further normalization is needed. A more detailed discussion on howthe level of NSB can affect the measurements of photons is provided later inSec. 6.4.1.The gamma-like rate measured in the FoV depends on the gradient of the
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zenith angle of the observations. For each degree of difference in the zenith an-gle we expect a 1% difference in the gamma-like rate. More detail about this es-timation is provided for the analyses shown in this work and is reported later inSec. 6.4.
A systematic uncertainty may arise when azimuthal symmetry is assumed inthe field of view. To test this, the number of counts were computed for a givenpointing position in the dataset. More detailed discussion on the test for az-imuthal symmetry is provided in Sec. 6.4.3. No significant effect was observedbeyond the 1%-per-degree gradient in the FoV. This is an expected effect due tothe difference in the zenith angle of the observations. In the next section, we ex-plain how to deal with this effect in more detail.
The rawdata analysis inH.E.S.S. canbeperformedwith different analysis chains.This can lead to systematic uncertainties on the energy scale of the reconstructedevents. When building the energy count distributions, the systematic uncertaintyon the energy scale, derived for our dataset, is 10%. This systematic uncertaintyaffects similarly the energy scale of the measured and expected energy count dis-tributions, therefore is not included in the computation of the limits.

4.5.1 Residual background uncertainty

For H.E.S.S. observations we expect a 1% gradient of the residual background ratein the FoV per degree of difference between the observation zenith angles for dif-ferent pointing positions. When we perform measurements in the ON and OFFregions, a difference in the zenith angles of the events measured in the two re-gions is measured and thus the gradient in the residual background is expectedbetween the two regions. More details on the derivation of the difference of thezenith angle and the gradient on the residual background for some of the workpresented in this thesis is shown later in Sec. 8.4. For the example shown in thischapter, the difference in the means of the ON and OFF zenith angle distributionsis up to 1◦. On a run-by-run basis, the measured OFF is renormalized according tothe difference of the zenith angle means of the ON and OFF distributions. Then,there is still the typical width of the zenith angle distributions, which is of 1◦. There-fore, a systematic uncertainty of 1% for the normalization of themeasured energycount distributions is used. This systematic uncertainty can be accounted for inthe likelihood function as a Gaussian nuisance parameter. With this modification,the likelihood function writes as:
L(NS, NB|NON, NOFF, α) =

[β(NS+NB)]
NON

NON!
e−β(NS+NB) [β(N

′
S+NB)]

NOFF

NOFF!
e−β(N ′

S+NB)e
− (1−β)2

2σ2
β . (4.11)

In this, β acts as a normalization factor and σβ is thewidth of theGaussian function(see, for instance, Refs. [336, 244, 285]). β is found by maximizing the likelihood
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function such that dL/dβ ≡ 0 and it writes as:

β(NON, NOFF, NS, NB) =
−σ2

β(NS+N ′
S)+1+

√
(σ2

β(NS+N ′
S+2

̂̂
NB)−1)2+4σ2

β(NON+NOFF)

2
. (4.12)

From this equation, it is clear the dependence of the definition of β on the mea-
sured statistics, which enters the expression through NON, NOFF and ̂̂

NB. Theprofile of β as a function of σβ is shown in Fig. 4.4 for one specific bin of the like-lihood function and for a fixed DM mass of mDM = 1 TeV. The value of σβ=0.01,corresponding to the 1% systematic uncertainty level is highlighted. The TS profilecomputed with the inclusion of the gaussian nuisance parameter for the system-atic uncertainty is shown in Fig. 4.5 and compared to the TS profile computed forthe standard definition of the likelihood. We show the TS profile obtained includ-ing σβ=0.03 too. When the σβ=0.01 is included in the computation of the TS, theobtained 95% C.L. upper limit on the free parameter is 20% less constraining. For
σβ=0.03, the upper limit is 50% less constraining.
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Figure 4.4: Profile of the β parameter as a function of σβ in a specific bin of thelikelihood function and formDM = 1 TeV. The gray dashed line highlights the valuecorresponding to σβ=0.01.

4.5.2 Nuisanceparameter for the J-factor statistical uncertainty
The J-factors obtained with measurements are affected by statistical and system-atic uncertainties. The statistical uncertainty in the derivation of the DM distribu-tion in the GC region can be accounted for through a nuisance parameter in thelikelihood by factorizing in either Eq. 4.11 or Eq. 4.8 a nuisance parameter follow-ing a log-normal distribution. The mean value of the log-normal distribution is J̄
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and the width is σJ (see, for instance, Refs. [14, 12]). This log-normal distributionswrites as:

LJ(J |J̄ , σJ) =
1√

2π log(10) σJ J
exp

(
− (log10J− log10J)

2

2σ2
J

)
. (4.13)

Themeasured J-factor is one Gaussian realization that follows theLJ distribution.We obtain the best value of J by computing the maximization of LJ . Expectedvalue is obtained through Ĵ = J̄e−σ2
J log

2(10). Then, Ĵ can be derived and used torenormalize the number of expected events from DM as NS → NSĴ/J̄ . The TSprofile computed with the inclusion of the statistical uncertainty on the J-factoris shown in Fig. 4.5 and compared to the TS profile computed for the standarddefinition of the likelihood. The 95% C.L. upper limit on the free parameter isa factor 2.8 less constraining when the statistical uncertainty on the J-factor isincluded in the computation of the TS.
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Figure 4.5: TS profiles for a fixed DM mass, annihilation channel and DM densityprofile. Left panel: the standard computation (blue solid line) is compared to theone with inclusion of the residual background uncertainty for σβ = 0.01 (dashedline), for σβ = 0.03 (dotted-dashed line) and the onewith the statistical uncertaintyon the J-factor σJ = 0.4 (dotted line). Right panel: TS profiles for the reconstructionof injected values of ⟨σv⟩inj. 95% C.L. and 68% C.L. are shown for comparison withthe depth of the TS profiles. Reconstructions at 68% C.L. (orange line) and morethan 5 σ (red line) are shown and the reconstructed value together with the 68%containment bands are given in the legend.
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4.6 Reconstruction performance on injected values
of the free parameter

We inject a fake DM signal, for a given mass and a chosen value of ⟨σv⟩inj. This isdone in themeasured OFF distributions which are assumed to be devoid of signalfrom DM. In this way, starting from the measured OFF and injecting NS and N ′
Swe create ON and OFF distributions, respectively. This is done in order to assessthe capability of our framework to recover the injected signal. We test values of

⟨σv⟩ from 3×10−26 and 2×10−25 cm3s−1, for a DM mass of 1 TeV and particlesannihilating inW+W−. We assume the DM is distributed according to the Einastoprofile. The TS procedure is carried out for each injected value ⟨σv⟩inj and thereconstructed annihilation cross section ⟨σv⟩reco is computed. The resulting TSprofiles are shown in the right panel of 4.5. The values of ⟨σv⟩reco and the 1 σbands are given in the legend. For the injection of 2×10−25 cm3s−1, the signal isrecovered at a 5 σ level whereas, for 3×10−26 cm3s−1, only the 68% containmentbands are recovered.

4.7 Outlook for Test-Statistics-based approaches
Searching for a weak signal against background emission is usually performedwith techniques as the ones described in the previous sections. In Part III of thiswork, we apply the log-likelihood ratio test-statistics to search for DM signals inthe GC region with an H.E.S.S. II dataset in Chap. 8 and towards DM subhalo can-didates observed with H.E.S.S. in Chap. 9. The same approach is also applied tocharacterize the TeV emission of the low-latitude Fermi Bubbles, in Chap. 7. Wehave shown in this chapter:

• statistical analyses with the LLRTS framework that can be used to obtainnew upper limits on the free parameters of the models used to describe thesearched emissions;
• how to build mock datasets;
• methods for the computation of observed and expected upper limits;
• methods for the reconstruction of an injected fake signal;
• how to implement the systematic uncertainties in the analyses.

All these points will be applied in the analyses presented in this work. In whatfollows, we will present an alternative and novel approach to disentangle signaland background emissions based on neural network based methods.
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4.8 Neural-Network-based methods

Alternative methods to the application of the TS procedure are machine-learning-based ones such as neural networks (NNs). These are used as predictive modelsto search for weak emissions in background dominated regions relaxing the a-priori assumptions on the knowledge of the background emission.

4.8.1 Neural networks for signal-background separation

In several domains, NNs have been successfully applied. Recent applications inVHE astrophysics have also produced important results [108, 249]. NNs can beused for predictions on target samples, however one fundamental weakness isthe inability of the traditional neural networks to quantify the prediction uncer-tainty. Evaluating the latter is important in many domains, ranging from basicresearch, reinforcement learning and anomaly detection. The quantification ofuncertainty has been addressed by both frequentist and Bayesian approaches(see for instance [303] and [228]). A natural proposition following the Bayesianapproach was to promote the weights of neural layers to random variables dis-tributed as Gaussians [258]. Then, it was demonstrated that the learnt weightsuncertainty improves generalization in non-linear regression problems, and canbe used for exploration-exploitation trade-off in reinforcement learning [96]. Theuncertaintywas then also separated into two components: epistemic and aleatoriccontributions (see Ref.[154]). The uncertainty on themodel is encoded in the epis-temic component, which would not be reduced if additional observations wereincluded. Instead the noise due to the training of a specific sample is embeddedin the aleatoric uncertainty. In physics, the two uncertainties are known as thesystematic and statistical ones.
Probabilistic neural networks are known as graphical models and are derivedby the treatment and inclusion of both uncertainties in the same framework.Graphical models are therefore built on the Bayesian approach and allow for in-corporation of prior beliefs with respect to the model. Their flexibility permits thetreatment of various processes and allows for introduction of latent degrees offreedom.
In this part of the chapter, we use Bayesian Neural Networks (BNN) as buildingblocks in graphical models for Gaussian random fields as the distributions fromwhich the weights of the layers are sampled. We then demonstrate the power ofsynthesis of Probabilistic Graphical Models (PGM) and BNNs on a synthetic exam-ple of signal/background disaggregation. To demonstrate the approach, we testan additive mixture model: we superimpose signal and background spectra withproportions varying in space. Through the inference we can learn the proportionsof the signal and background and their spectral shapes.
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4.8.2 Bayesian Neural Network structure
The framework that we consider is a deep neural network composed by denselayers. One of the latter consists of an affine transformation Lk with weight Wk

and bias Bk, composed with an element-wise non-linear transformation σ: hk =
Lk ◦ hk−1 = σ(hk−1Wk +Bk), the so-called activation function. In our experimentswe set σ to be ReLU , defined as ReLU(x) = max(0, x) [28]. The examples in thispart of the chapter are computed with the application of a simple deep architec-ture which is defined as a consecutive application (composition) by dense layers:
y = LK◦· · ·L1◦x, as presented in Fig. 4.6. The vector x represents the coordinateson which the transformations are applied. The vector y represents the output ofthe NN after all the transformations. Therefore the NN is used to map the inputto an output sampled through probabilistic models.

The probabilistic interpretation of inference with neural networks is allowedby the promotion of weights and bias of each layer to random variables sampledfrom Normal distributions with corresponding parameters: Wk ∼ N(µW ,ΣW),
Bk ∼ N(µB,ΣB). We show in Fig. 4.7 an elementary Bayesian Neural Network asa graphical model representation. The BNN is composed of K layers and takes asinput x composed of N samples, rendering y as output. In each layer the trans-formation h is performed.

The simple BNN that we are considering follows Ref. [96], where the stochasticvariational inference (SVI) [206, 366] is used to obtain Gaussian posterior distribu-tions starting from prior distributions of weights, biases and observations. Theinference process is performed through the update of the loss function. The nat-ural choice for the latter is the Evidence Lower Bound (ELBO) [271], composed bytwo terms: log evidence of the observable variable xwith learnable parameters θ,
log pθ(x), and the Kullback-Leibler (KL) divergence between the approximation ofthe posterior distribution qϕ(z), parameterized byϕ, and the true posterior pθ(z|x).ELBO writes as:

ELBO = log pθ(x)− KL (qϕ(z)||pθ(z|x)) . (4.14)
Taking steps in ϕ produces the update of the ELBO during the inference process.These steps increase the ELBO, by the increasing of the log evidence and decreas-ing of the distance between the prior and the posterior. Inference results dependon the choice of the hyperparameters. These are the optimizer, the learning rateand the number of iterations. The inference is performed with the comparison ofthe output vector of NN y and the real observed values. The best values for thelearned parameters are determined through the minimization of the loss func-tion: this is done with the optimizer and a widely used choice for the latter is theClipped Adaptive Moment Estimation (ADAM) [233]. The acronym ADAM is de-rived from adaptive moment estimation. The learning rate is the parameter usedto tune the inference process; it specifies the step size at each iteration while themodel searches for the minimum of the loss function. The number of iterations
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determines how many times the full architecture performs the combination ofoperations given by all the layers. More details on the hyperparameters used forour experiments are given later.

Figure 4.6: Sketch of a neural network composed of K dense layers. Input Xbiis a 2-dimensional array, where b is the batch index (runs over samples) and iruns over the input dimension. Output Ybj is a 2-dimensional array where b is thebatch index (runs over samples) and j runs over the output dimension. Mk is thedimension of kth hidden layer.
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Figure 4.7: Representation of an elementary BNN as a graphical model. The ob-servable variables (input x and output y) are given as shaded circles, the latentvariables (W , B and h) are shown as empty circles and the hyper-parameters (µW ,
σW , µB and ΣB) are represented by the standalone letters. The dependence be-tween the starting and terminal vertices are given by directed arrows, the sam-pling from a normal distribution N is given by the black squares. The K BNNlayers are represented by the internal plate of dimension K and the size of thedata sample is given by the plate of dimension N .
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4.8.3 Transformed Bayesian Neural Networks
Through the combinations of various types of distributions, we can derive non-trivial setups for the probabilistic models. We consider a Gaussian mixture modelwith K components. Each component is normally distributed. The mean of theNormal distribution is parameterized by real-valued parameters while the scaleis taken only as positive. The overall proportions of the components in the mix-ture are sampled from a Dirichlet distribution Xk ∼ Dir(α). The latter is param-eterized by a positive vector α1, . . . αK > 0, and Xk belong to a K − 1 simplex:∑

Xk = 1.Therefore the transformed BNNs are adopted as defined over various ranges.For the tests in these sections we consider exponential transformations (trans-formsunconstrained vector ofK dimensions to a positive vector ofK dimensions)and stick-breaking transformations (unconstrained vector of K − 1 dimensionsinto a simplex vector of K dimensions) Conceptually, the stick-breaking processconsists of repeatedly breaking off and rejecting a random fraction of a "stick"with initial length 1 [300].The transformation is applied after the last layer of the BNN, in a way thatthe output of the exponential transform is strictly positive and the output of thestick breaking transform produces a k-dimensional vector summing to unity (k-simplex).In what follows, we consider the vector sampled from Bayesian neural net-works as y ∼ BNN(x, (W ,B)). Outputs of BNN transformed as exponential andstick-breaking are denoted as BNNe and BNNs, respectively.An additional transformation that may be considered is a positive normaliza-tion. For some applications it is useful to work with normalized positive randomfields instead of only positive random fields. This transformation computed anapproximate normalization of the BNN output give the data.

4.9 Additive Mixture
We have introduced the architectures composed by single dense unit BNN. Wenow turn to the implementation of a non-trivial test of the framework by creating agenerative additive mixture model. Within this framework, we consider two typesof coordinates: the spatial x and the spectral p coordinates. Two positive spectralfunctions describing the background and signal emission are considered as g1(p)and g2(p). They are mixed in the spatial coordinates by a simplex-valued β(x). Wesuppose that only the sum can be observed through f(x, p):

f(x, p) = β(x)g1(p) + (1− β(x))g2(p). (4.15)
The problem is built such that the spectrum of signal g2(p) has to be identified inthe presence of non-trivial noise g1(p). We assume that the spectral components
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Figure 4.8: Additive mixture model rendered as a graphical model. Observablevariables (input (x, p), outputs y and relative entropy r) are represented by shadedcircles represent, latent variables associated with BNNs β and g are representedby empty circles, hyper-parameters of BNNs (ϕβ , ϕg) are represented by stan-dalone letters. The dependence between the starting and terminal vertices arerepresented by directed arrows. The convolution given by the black square s canbe applied to Eq. 4.15. The conditional independence of the data sample is givenby the internal plate of dimension N . Conditional independence of parametersampling of β and g BNNs is given by the plates Lβ and Lγ .
gl(p) are normalized: ∫ dpgl(p) = 1. Then, the total sum is f(x) =

∫
dp f(x, p)equal to 1 for each x.The spectral components gl(p) assumepositive-only values andwemodel themby an exponentially transformed BNNe. The spatial proportion β(x) is modeledby a Dirichlet random field β(x) ∼ Dir(αl(x)), where αl(x) = Nγl(x) and γ ∼

BNNs(x) (stick-breaking transformed BNN).Degeneracy in the components can arise due to the permutation symmetry:
g1 ↔ g2 and β ↔ 1 − β. We therefore set the initial value of γl to have an asym-metric proportion e.g (0.99, 0.01), with the first component being the backgroundand the second - the signal. We introduce another observable to avoid the infer-ence engine from splitting the observed signal uniformly between the two compo-nents. The former is the relative entropy between the spectral components g1(p)and g2(p) :

DKL(g2(p) ∥ g1(p)) =

∫
g2(p) ln(g2(p)/g1(p)).

This is set to a large number, e.g ., 100.The first observed term forces the approximation of yi by the combination of
gl(p) and β(x). The relative entropy forces the model to approximate maximallydifferent g1(p) and g2(p), becauseDKL(g2(p) ∥ g1(p)) is a proxy to distance in func-tion space.
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The goal of the inference is to obtain the best possible spatial and spectral de-scription of the mixture through the identification of the optimal model parame-tersϕβ andϕg, i .e., the shapes of gl(p) and themixing proportion β(x). The currentformulation of themodel does not include Bayesian treatment of the aleatoric un-certainty and observations are sampled using a small fixed variance (0.002). Theadditive mixture model is shown by graphical representation in Fig. 4.8.

Figure 4.9: Dataset of 5000 data points generated from the mixture f(x, p). Thetotal signal is dominated by the background emission g1(p) at negative x coordi-nates. Positive values of x correspond to the superposition of signal and back-ground.

4.10 Synthetic Experiments

The derivation of the BNNs and the experiments were implemented in Pyro (ver-sion 1.5.2) [88], a probabilistic programming languagewritten in Python andbasedon pytorch [302], which enables Bayesian probabilistic modeling thanks to MonteCarlo and variational inference engines.
The experiments are performed with the optimizer fixed to the Clipped Adap-tive Moment Estimation (ADAM) [233] and, unless mentioned otherwise, set thelearning rate to 10−2, the clipping norm to 10, and default values for the coef-ficients used for computing running averages of gradient and its square: (0.9,0.999). More details on how these parameters influence the (ADAM) optimizerare provided in Ref. [233]. The BNN architecture in what follows consists of 3 hid-den layers of fully connected neurons for the dimensions of 32× 128× 32.
The dataset used for the experiment is generated from Eq. 4.15 and it is shownin Fig. 4.9.
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4.10.1 Inference algorithm
The inference process to compute the ELBO loss and complete steps in the spaceof guide parameters ϕ is performedwith the Pyro’s stochastic variational inference(SVI) abstraction which moves along the gradients of loss function and infers thebest parameters of the model ϕβ and ϕg. The guide function corresponds to theapproximation of the posterior distribution qϕ(z) shown in Eq. 4.14.The procedure is considerable as a Bayesian update: it search for the vari-ational parameters ϕ of the approximation of the true posterior qϕ(z). The opti-mizationmethod and the parameters of themodel are fixed towhat was specifiedin the previous section.At each epoch, the ELBO loss is computed as well as the relative values of theloss with respect to the previous iterations. Under two conditions, the formerare compared for a chosen window. We apply an empiric improvement to theinference procedure. This happens when we restart it with a lower value of thelearning rate (which is decreased to the half in our case) while keeping current
guide parameters. Two cases cause the stop and restart of the inference: (i) theloss for the last Sp steps increased or (ii) the relative loss for the last Sr steps wasbelow a certain threshold. Both thresholds Sp and Sr are fixed to 3 in the currentproject. We found that setting the threshold to 3 was providing the most stableinference for themodel. In condition (i), the inference engine is diverging from theoptimal region for sampling in the parameter space due to the stochastic natureof the sampling. This provokes the diverging of the loss function. This procedureis repeated until the inference reaches the fixed number of iterations.
4.10.2 Trainingof a simple individual BayesianNeuralNetworks
We introduced in Sec. 4.8.3 and Sec. 4.8.2 the individual and transformed BNNs.With these either functions can be approximated or more complex models canbe built. If they are components of more complex models, it can be useful to im-pose certain priors on their functional form, e.g ., we might assume some priorknowledge on the mixture composition, which cannot be observed directly. Thismeans that latent components can be pre-trained in a way that their priors con-dition the output to have a desired shape. If the prior and the guide are built withthe same functional form, this procedure resembles a Bayesian update. Then,the pre-trained guide parameters can improve the convergence of a more com-plex model when the unit BNN which priors have been pre-trained is part of themodel.For this procedure, we follow three steps: (i) a data sample mimicking the de-sired shape is created, (ii) a unit BNN is fitted to the generated data sample withnon-informative priors; this results in pre-trained guide parameters, (iii) the in-ferred guide parameters are used as prior parameters and (optionally) as the pa-rameters of the initial setup of the guide when part of a more complex model. In
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the second step, the BNN is sampled to create outputs tomatch the observations.At this stage, we are not interested in the aleatoric component and we then repre-sent it as a constant. We then use normal, log-normal and Dirichlet distributionsfor sampling.Taking the example for the inference of a unit BNN that is learning the spectral
shape of g⋆(p) ∼ e

1
1+p2 −1, shifted by b = −2.5 (and normalized to 1). The fit of thispositive function is performedwith an exponentially transformedBNNe, becauseof the shape of the expected spectrum. The latter is sampled with a log-normaldistribution after the last layer by convention.The inferred distribution for the posterior of a unit BNN after the inferenceis shown in the upper left panel of Fig. 4.10. The loss function is shown in theupper right. Spikes are visible in the evolution of the loss function versus theepochs. These are due to the two cases that provoked the stop and restart of theinference. The cases were explained in Sec. 4.10.1. When these cases occur, ourmodel adjusts the learning rate and proceeds in the inference. The location andscale parameters, µ and Σ respectively, for the last hidden layer and the weightscomponentW , are shown in the bottom panels of the same figure, as a functionof the epoch.

4.10.3 Synthetic Additive Mixture
The goal is to identify two superimposed positive spectral functions and theirproportions as a function of coordinates using the inference to learn the com-ponents of the additive mixture model when a minimum amount of informationis provided. Our method for the additive mixture model is tested with a syntheticdataset defined by triples D = {(xi, pi, fi)}Ni=1, xi ∈ R, pi ∈ R. The coordinates xiand pi are sampled randomly on [−5, 5] andwe refer to this implementation of thedataset as the Signal/Background (SB) model. The values of the function f(xi, pi)are obtained by the generative model in Sec. 4.9 with deterministic spectral com-ponents gl(p) and proportions β(x). In what follows we identify the backgroundas g1(p) and the signal as g2(p). We consider (i) case A where non-informative pri-ors are used, and (ii) case B where only g1(p) is conditioned, i.e. the pretrainingis performed on the correspondent BNN resulting on conditioned (W , B) beforethe inference on the additive mixture. For both of them we use a previously in-troduced template g∗(p) (normalized to 1), which we shifted by b = 2.5 in twodirections:

g1(p) = g∗(p− b) g2(p) = g∗(p+ b) (4.16)
The first tentative is to demonstrate that the inference works for a specific choiceof β(x). We define the latter as a logistic function that equals 0.99 at−∞ and 0.5 at
+∞. Then, our approach is tested by varying the dataset proportions, i.e. smallerproportions of the signal are tested. The components β(x) and gl(p) are obtained
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Figure 4.10: Left-top panel: Predicted posterior values for a unit BNNe comparedwith the true ones. The mean posteriors is the solid line, the 68% containmentbands are shown as the shaded area. Solid circles represent sampled true val-ues. Right-top panel: ELBO loss function as a function of training epoch for a unit
BNN . Left-bottom panel: Location hyperparameters of the weight distributionWduring the inference for the 32 neurons of the last hidden layer of a unit BNNas a function of training epoch n. Their values are initialized to zeros in the be-ginning of SB inference. Right-bottom panel: Scale hyperparameters of the weightdistributionW during the inference for the 32 neurons of the last hidden layer ofa unit BNN as a function of training epoch n. Their values are initialized to 0.1 inthe beginning of SB inference.

by the transformations shown in Sec. 4.9. The stick-breaking and the exponentialtransforms are used. Then, the transformed BNNs are hereafter referred to as
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BNNβ and BNNg, respectively. The output of both BNNs is always of dimension2, since we obtain an output for each component. The prior distributions for (W ,
B) of each hidden layer of BNNβ and BNNg are sampled from ∼ N(0, 0.1) at thebeginning of the inference. The latter is performed for 700 epochs in both cases,until the model reaches convergence.We show in the left panel of Fig. 4.11 the evolution of the location parametersof the W for the last hidden layer of BNNβ as a function of the epoch number.Themiddle panel of the same figure shows the evolution of the scale parameters.The ELBO loss function vs training epochs is shown in the right panel of the samefigure. The top panel shows case A, while case B is shown in the bottom ones. Forcase A, the parameters converge to their final values after 500 epochs.
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Figure 4.11: Left panel: Location hyperparameters of the weight distribution Wfor 32 neurons of the last hidden layer of BNNβ as a function of training epochafter the model is learnt over the additive mixture. The location parameters of
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4.11 Results
We show here the results obtained for the inference on the SB model with β(x)set to vary continuously from βT |x=−5 = 0.99 in the background-dominated spatialregion to βT |x=5 = 0.7 in the region where background and signal are mixed. Weshow results for both cases A and B previously mentioned.
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Figure 4.12: In the left panel the mixing proportion is shown from prediction ofthe posterior distribution compared to true values, along with 68% containmentbands (shaded area), assuming true values of βT |x=5 = 0.7. The same is shownfor the spectral functions gl(p) in the right panel for signal (red) and background(blue). The sampled true values are given by the solid circles in all the subplots.Predictions from prior distributions are represented by their means (dashed line)and 68% containment bands (light shaded area).
The posterior distributions obtained after the inference of 1-β(x) and gl(p) areshown in Fig. 4.12 for case A and B in the upper and lower panels, respectively.
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In both cases, the true values of 1-β(x) are well recovered within the 68% con-tainment bands of the model for both cases. The relative errors between the truesignal fractions at x = 5, i.e. 1-βT |x=5, and the mean fractions recovered by themodel are lower than 9% and 8% for case A and B, respectively. In case B, the truevalues of g2 are recovered in the 95% containment bands at the peak location.However, in case A the true values of g2 are not recovered in the 95% contain-ment bands.
The so-called y-y plots for values recovered by the model vs true values areshown in Fig. 4.13 for case A and B in the top and bottom panels, respectively,and for the fractions 1-β and the spectral shapes gl in the left and right panels,respectively. Uncertainty is shown as 68% containment bands. Both cases showthe recovery of the true values by themodel 68% containment bands. Biases from1% to 5% are obtained for the model signal fractions in case A. For the spectralshape g2, the bias reaches 16% when considering gT2 values larger than 0.1. gT2 isthe true spectral shape of the signal. For smaller values, the true spectral shape isnot recovered. Biases from 1% to 10% are obtained for the model signal fractionsin case A. For the spectral shape g2, the bias reaches 39% when considering gT2values larger than 0.1.
We run a series of experiments with several values of ρ = βT (x=5)

(1−βT (x=5))
in the

ground truth data. This means that the ground truth background fraction valueat the right boundary changes as the noise-to-signal ratio, since the spatial pro-portions of the background at x = 5 are given by βT (x = 5). Random seeds areused for every different experiment. In Fig. 4.14, we show the root mean squaredeviation (RMSD) computed between the prediction [of the corresponding con-stituent BNN] after the SB inference and the true value of 1-β and gl, respectively,as a function of ρ. The RMSD is obtained as the square root of the secondmomentof the differences between predicted and true values in each bin. The RMSD forthe background spectral shape g1 over the whole range of ρ is small. With larger
ρ, the error in identification of g2 and 1-β increases, potentially due to the fact thatthe inference procedure is no longer able to distinguish a small signal from thefixed aleatoric noise.

4.12 Outlook forNeural-Networks-basedapproaches

In this second part of the chapter, we showed how to build a framework based onBNNs and demonstrated how it can be used to recover a weak signal in the pres-ence of a non-trivial background. This framework is composed by BNNs as ran-dom fields, such as point distributions are composed to generate graphical mod-els. The astrophysical motivation for this model is to learn an unknown signal inthe presence of a potentially unknown background, which can be detected at vari-ous wavelengths. This problemhas been recently treated by parametric statistical
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Figure 4.13: Model versus True shapes for the proportion 1 − β (left panels) andspectral shapes gl for background (blue) and signal (red) (right panels) obtainedfrom the S-B inference. The model mean is shown as a solid line and the errorbands correspond to 68% uncertainty of the model predictions. The shapes aregiven for the case with no prior (top panels referred as to non-informative pri-ors) and with prior set on the background spectral shape g1(p) (bottom panelsreferred as to conditioned g1). Left panels: Model proportion 1 − βM vs the trueproportion 1−βT together with 68%model uncertainty, respectively. Right panels:Model spectral shapes gMl vs true spectral shapes gTl shown together with their68% uncertainty.

approaches andusing Bayesian statistics for instance in Refs. [13, 11, 14, 10]whichwe also presented in the first part of this chapter. With our demonstration of thepower of neural networks, we lift the problem to a new level of non-parametric in-ference with respect to the spectral shapes. Our approach is also Bayesian since itincorporates available extra information and can aggregate spectral information
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by class to study sources that may belong to the same class. Several possible im-provements and generalizations of themodel will be addressed. Themain resultsand outlook are:

• we have developed this new BNN based framework and applied it to sepa-rate the emission components in the synthetic dataset;
• however, the modeling of signal/background separation is built on severalsimplifications on the physical point of view: neither an explicit model of themeasurements nor a microscopic emission model are included;
• the model is also built on space-energy factorization, assuming spatial in-dependent energy-spectra, which is not true if the gas or radiation targetdensity fields are strongly spatially-dependent. The gamma-ray signal ex-pected from CR interaction in the interstellar medium would therefore fol-low a spatially-dependent spectral behavior;
• the considered separation is only for spatial and spectral dimensions butastrophysical and cosmological rawobservations aremade in the two spatialcoordinates and the time: the number of spatial dimensions can be easilyextended. However, the number of components in the model should beincreased with caution since it decreases the stability of the inference, dueto appearance of extra permutation symmetries;
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• we identified only epistemic uncertainties but the backgroundmodelmaybeviewed as a space-dependent aleatoric uncertainty and aleatoric uncertaintyper se can be represented as a parameter or another unit BNN;
• we demonstrated the capability of our SBmodel for a limited signal-to-noiseratio region. We consider this as due to our choice of fixed aleatoric scales,however the inference with the ELBO loss function may become less stablewhen smaller scales are chosen.
Future and immediate applications of this model can be to search for weakgamma-ray signals, as the expected emissions from DM self-annihilation. In thiscase, the signal-to-noise ratio in the mixture region would be much smaller thanwhat is considered here. In fact, we saw that the error of identification of g2 and 1−

β increases for larger values of ρ, i.e. smaller values of the signal-to-noise ratio. Wetested in the previous section values of ρ up to 9, which corresponds to a signal-to-noise ratio of ∼ 0.11. However, the expected signal from DM self-annihilationmight be lower than 10−1 in mixture regions. More work is ongoing to adapt ourframework to the search of DM signals. The Bayesian structure can also be usedto learn time-variable emission, where an additional dimension is dependent ontime and needs to be considered in the BNN framework. The results obtained sofar with the Bayesian Neural Network framework presented in this chapter, at themoment of the writing, have been submitted to ICLR2023 [64].
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Galactic Center at Very-High-Energy
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Chapter 5

The Galactic Center region at Very
High Energies
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From the latest measurements, the center of theMilkyWay is situated at 8.127kpc away from the Sun [186]. It is a region crowded with many astrophysicalsources and it has been observed at many wavelengths. Observing the GC hasbeen crucial in the past years to understand the acceleration processes and themultitude of astrophysical objects populating the region. The observations inthe VHE regime provided new information on several point-like and extendedsources. We start the description of theGalactic Center regionwithmulti-wavelengthobservations in Sec. 5.1. Astrophysical sources emitting at TeV energies are de-scribed in Sec. 5.2. Wededicate Sec. 5.3 to presenting someextendedVHE sources.Finally, we conclude in Sec. 5.4 with the discussion on the outflows observed atVHE in the GC region.

5.1 Multi-wavelength observations of the Galactic
Center

The spectral and spatial descriptions of an astrophysical object benefit frommulti-wavelength observations. Its spectrum, spatial morphology and chemical proper-ties are easier to understand if the object is detected at different frequencies.Moreover, multi-wavelength observations of a given region are useful to charac-terize the underlying astrophysical object related to the observed emissions. Also,information about the emission itself, the nearby radiation field and target mate-rial can be collected from different frequencies. Observing at many wavelengthshelps separating nearby sources. In addition, the angular resolution of the observ-ing instrument is fundamental, such that it is possible to associate the emissionto the object producing it. The GC region is a very crowded environment and theobservations of it need to disentangle the emissions frommany complex sources.
Radio observations

Observations in radio waves are sensitive to frequency between 250MHz and 300GHz which corresponds to wavelengths between 10 km and 10 cm. These canbe observed by ground telescopes since radio waves penetrate the atmosphere.With these observations, we can trace hot gas and atomic hydrogen. Radio wavescan be used to study the magnetic field distribution and intensity because thesynchrotron emission is emitted also in radio. They can be used for the observa-tion and study of SNRs and their structure. The first radio emission from the GCregion was detected in 1932. In Fig. 5.1, we show the image of the total intensityobservation of the GC region with MeerKAT [200] at 1.28 GHz. In the sky map,SNRs are visible. The Sgr A∗ complex is shown at the center. Nebulae (e.g. SgrA West) and molecular clouds (e.g.. Sgr B, Sgr C and Sgr D) are visible too. Theextent of non-thermal emission from synchrotron radiation emitted from SNRs
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(e.g.. G0.9+0.1 et G359.1-0.5) is present as well. The same emission as filamentsalong the Galactic magnetic field (B ∼mG) can be observed too.

Figure 5.1: Full MeerKAT observations of the GC region, covering 6.5 square de-grees. The observations were obtained with 20 pointings, shown as “+” markers.The detected sources are indicated by their name. A grid showing galactic coordi-nates is superimposed to the figure. More details can be found in Ref. [200], fromwhere the image was extracted.

Observations in microwaves

In the highest frequency range for radiowaves, weobserve themicrowaves. Thesecorrespond to wavelengths ranging from 10 cm to 1 mm. Ground telescopes canpartially observe this radiation, with which we can trace the distribution of coldgas and dust. Molecular gas, as carbon monoxide (CO) and carbon monosulfide(CS), can bemeasuredwithmicrowaves observations. The former is a tracer of themolecular hydrogen, which is a hint for star forming regions. The Central Molec-ular Zone (CMZ), in the GC region, emits in microwaves.
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Radiation observed in infrared

At wavelengths smaller than the microwaves, we observe Infrared (IR) radiation.This spans wavelengths from 1mm to 700 nm, covering frequencies between 300GHz and 428 THz. The near IR emission (below 3 µm) can penetrate the atmo-sphere and we can observe, through the dust cold objects. Mid and far IR (above50 µm) can be observed from space telescopes. With this range of the IR wave-lengths, we can observe cold dust, for objects like dust-covered stars, faint starsand dense arcs of dust. The telescopes observing in IR have angular resolutiongood enough (e.g. ∼ 2” for Spitzer) to resolve tiny clusters of stars around theMilky Way central black hole. In Fig. 5.2, we show the map of the GC observationswith the IR Spitzer space telescope for 3.6, 4.5, 5.8 and 8 µm [289]. The centralregion with star formation is visible, as well as massive star clusters, like the Quin-tuplet.

Figure 5.2: Spitzer observations of the GC region in 3.6, 4.5, 5.8 and 8 µm IR obser-vations, showing a part of the molecular cloud Sgr B2, the Quintuplet star clusterand Sgr A∗. The image was extracted from [289].

Observations in optical light and ultraviolet radiation

The optical light is observed through the atmosphere for wavelengths between400 and 700 nm. Stars emit in this wavelength range. However, optical light doesnot penetrate dust-rich regions like the GC and the Galactic plane. For smallerwavelengths, i.e. between 10 and 400 nm, we observe ultraviolet (UV) light. Thelow-frequency window of the UV penetrates the atmosphere. In UV, we mainlyobserve young, massive, early-type (O, A and B spectral class) stars, which are thebrightest ones in the GC region. The UV radiation is produced by the surroundinggas which is ionized by the star.
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X-ray observations

Observations in X-rays detect light in wavelengths between 10 pm and 10 nm,with energies corresponding to 102 - 105 eV. These wavelengths do not penetratethe atmosphere, therefore must be observed from space-based telescopes. Theytrace hot gas and non-thermal processes (above about 10 keV) and are used todescribe a wide variety of objects. In Fig. 5.3, we show two panels of the Chandraobservations in X-rays [364]. The background of the image on the left panel showsa diffuse X-ray radiation. Winds of millions of degrees, accelerated by young mas-sive stars, heat the gas which produces this radiation. With X-rays, we can traceexplosions of dying stars and outflows powered by Sgr A∗. The map in the leftpanel is built with observations at 1-4 keV (red), 4-6 keV (green) and 6-9 keV (blue).The map on the right panel is obtained from 1-4 keV observations only, with de-tected discrete sources being removed. The complex of Sgr A∗ is still visible. Dustscattering halos of bright X-ray binaries and major X-ray-bright SNRs remain too.
Gamma-ray observations

The highest energies above hundreds ofMeV, are observed in gamma rays. Thesedo not penetrate directly into the atmosphere, however they interact with it atabout 10 km altitude. Therefore, we can observe gamma-rays with space basedtelescopes and ground based Cherenkov ones. Gamma rays trace non-thermalprocesses and are used to observe the objects that are known as cosmic accelera-tors. Exotic processes, like darkmatter annihilation or decay, can produce gammarays in the final state of the interaction. We show the GC region, as observed byH.E.S.S., in Fig. 5.4. More information about the objects emitting in TeV energiesis provided in the next sections.

5.2 TeV astrophysical sources in the Galactic Center
region

5.2.1 HESS J1745-290
The strong TeV emission of HESS J1745-290 was observed by H.E.S.S. close tothe position of the supermassive black hole Sagittarius A∗ [51], lying at the grav-itational center of the Galaxy. The barycenter of this VHE emission is locatedat l=359.94◦, b=-0.04◦ as shown in Fig. 5.5. The supermassive black hole has amass of 4.31×106 M⊙. Sgr A∗ has been observed in many wavelengths and itsvariability has been measured in X-rays and IR [104]. However, no hint for vari-ability has been detected so far in gamma-rays. We show its composite spec-trum in Fig. 5.6, where the VHE emission as measured by the H.E.S.S. array isshown on the right of the spectrum [38]. The emission measured by H.E.S.S. is
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Figure 5.3: Chandra observations of the GC region. On the left panel, 3-color X-rayintensitymapping of 1-4 keV (red), 4-6 keV (green) and 6-9 keV (blue) is shownwiththe North and South plumes X-ray emission clearly visible. On the right panel thediffuse 1-4 keV map is shown without the detected discrete sources but with dusthalos and SNR clearly visible as well as Sgr A∗. Figure extracted from [364].

well reproduced with an exponential cut-off power-law. The cut-off is derived as
Ecut = (10.7± 2.0stat ± 2.1syst) TeV, the spectral index of the function is measuredas 2.1 and the normalization results in 2.55×10−12TeV−1cm−2s−1. A smoothedbroken power law can also be used to obtain a good fit. The best fit indexes are2.02 and 2.63, the break energy is computed as 2.57 TeV and the normalizationis 2.57×10−12TeV−1cm−2s−1. To explain the submillimeter emission of Sgr A∗, thestochastic acceleration of electrons in the turbulent magnetic field of the regioncan be used. With the same argument, the IR and X-ray flaring states can be alsoexplained. Moreover, since charged particles are accreted onto the black hole,protons could escape the field. They could accelerate and interact with the in-terstellar medium in the central star cluster and produce gamma rays [251]. Thecutoff on the proton spectrum can be computed with Ep,cut ≃ Ecut/20, havingtherefore protons accelerated up to a few hundreds of TeV. The broken power
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Figure 5.4: Gamma-ray observation of the GC region with H.E.S.S. [18]. Black linesused for the analysis of the CR energy density in the central zone are shown to-gether with the white lines from CS line emission. On the right, a zoomed view ofthe inner ∼ 70 pc is shown.

Figure 5.5: Excess map [39] from H.E.S.S. observations of the inner 200 pc of theGC region. Top panel: Some of the brightest sources are highlighted: the centralemitter HESS J1745-303 and the PWN/SNR HESS J1747-281. Bottom panel: map ofthe Galactic ridge emission after subtraction of the bright sources. The gas densecentral molecular clouds are shown as the white contours from measurement ofCS emission. In this panel, the sources from the top one are removed.
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law spectrum could be explained by models that predict competition betweeninjection and escape of protons. Inverse Compton emissions from electrons ac-celerated up to about 100 TeV in the nearby PWN G359.95-0.04 could be alsoresponsible for part of the TeV emission.

Figure 5.6: Composite spectrum of Sgr A∗. The wide spectral energy distribution isobtained from spectra in radio, IR, X-rays and gamma-rays. Variable flaring statesare observed in IR and X-rays. Figure extracted from Ref .[38]

5.2.2 HESS J1746-285
The source HESS J1746-285 is measured as point-like in the TeV and as the spa-tially closest one to the GC [9]. It has been detected at l=0.14◦, b=−0.11◦, abovethe GC ridge. The source is located in the proximity of a radio bubble that wasobserved in IR, connected to the young massive Quintuplet cluster. The positionof the source coincides with a candidate PWN, G0.13-0.11 [364]. From the X-rayand radio emissions properties, G0.13-0.11 seems to be the result of a movingpulsar and the propagation of the wind material, regulated by the surroundingmagnetic field [364]. Moreover, the spectral and luminosity properties reinforcethis hypothesis. Even though this solution is the most plausible one, other possi-ble counterparts for HESS J1746-285 exist [9].
5.2.3 HESS J1747-281
The few-degrees region around theGChosts other bright TeV gamma-rays sources.At the position of the composite SNR/PWN G09+01, the HESS J1747-281 sourcehas been detected in TeV [39, 181] as a point-like source. It is located at l=0.87◦,
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b=0.08◦. A bright compact core surrounded by a shell is suggested by its radiospectrum. These characteristics are typical SNR features. X-rays observationsidentified the center of the source as a PWN [312]. Even though no pulsed emis-sion has been detected yet in gamma rays, it could host the young radio pulsarCXOU J174722.8-280915. In Fig. 5.5, we show the position of G09+01 as a yellowcircle, where the HESS J1747-281 emission is visible as measured by H.E.S.S..
5.2.4 HESS J1745-303
The TeV detection of HESS J1745-303 located the extended source at l=358.71◦,b=−0.64◦ [168]. It was associated with the composite SNR G359.1-0.5. Throughcanonical SNR plasma models it is impossible to explain the complex morphol-ogy and the substructures shown by the X-rays observations. The substructurespresent in the vicinity of the source, may be due to radiative transitions of freeelectrons inHe-like, Si and S ions, suggesting an over-ionization of the plasma. Theinsufficient density of the SNR does not support the explanation of the emissionthrough hadronic models. However, the SNR shock can enhance the signal whenthe latter interacts with a molecular cloud present in the same region detected inanother wavelength [91]. The source has been observed recently in X-rays [330].The CO clouds in the vicinity of the SNR were analyzed. The spatial distributionof the CO cloud and that of the GeV/TeV emission showed no clear coincidencewith each other. However, the GeV emission cannot be totally considered unre-lated. In Fig. 5.7, we show the emission as observed by H.E.S.S., together with theposition of the associated SNR G359.1-0.5. For reference, we also overlay otherpossible counterpart candidates. The excess significance levels at 4σ and 7σ fromH.E.S.S. measurements are shown as black contours. The source may also beassociated with 3EG J1744-3011 [179]. However, the uncertainty on its location,which is shown as a gray shaded line, is larger than the significant region of theH.E.S.S.source. The position of 3EG J1744-3011 is shown as a green dashed cir-cle in Fig. 5.5. In the bottom panel, we show the gamma-ray emission from HESSJ1745-303.
5.2.5 The H.E.S.S. Galactic plane survey
H.E.S.S. observed the Galactic plane with the four-telescopes array. The GalacticPlane Survey (GPS) [8] is an homogeneous reanalysis of the 10-year dataset. Thelatter includes a total of about 2700 hours, collected in Galactic longitudes be-tween b=250◦ and b=65◦ and latitudes ±3◦. With the dataset, 48 VHE gamma-raysources were confirmed and 16 new ones were revealed. Sources close to eachother could be resolved thanks to the very good instrument angular resolution.31 of the detected sources were classified as PWNs, SNRs and binary systems.The remaining ones are still unidentified. However, most of them are likely asso-ciated with objects observed at other wavelengths like PWNs. Complex regions,
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Figure 5.7: Gamma-ray sky of the emission observed from HESS 1745-303 withH.E.S.S.. The transition between the blue and the red happens at 3σ excess sig-nificance. The black contours show the 4σ and 7σ statistical significance. Possiblecounterparts to the emission, G359.1-0.5 and G359.0-0.9 are marked as cyan cir-cles. Figure extracted from Ref. [168].
like shell sources and the GC region, have not been homogeneously reanalyzedfor the survey. We show in Fig. 5.8 an illustration of the H.E.S.S. Galactic planesurvey superimposed to the all-sky image of Planck C0(1-0) data. In the lowerpanels, the limits of the exposure of the survey are shown as the white contours.The Survey has little of no exposure for Galactic latitudes of |b| >3◦ at most lo-cations along the Galactic plane. The image was extracted from Ref. [8], wherethe full source catalog, with position, size, detection significance and integratedflux above 1 TeV for each detected source available. Some of the sources fromthis survey are used later to define the exclusion regions used for the dark mattersearch.

5.3 Extended/Diffuse very-high-energy emissions

5.3.1 The Central Molecular Zone
The very dense star formation region at the center of the Galaxy is known as theCentral Molecular Zone (CMZ). It is made of hot gas [283, 48]. The clouds extendfor about 300 pc along the plane and are revealed by the bright CS line emissions
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Figure 5.8: Full sky map of the Galactic plane survey performed by H.E.S.S. [8].The all sky image of Planck CO(1-0) data is shown in the background. HEGRA andVERITAS Galactic plane surveys are shown as well. The lower panels show theHGPS γ-ray flux above 1 TeV for regions where the sensitivity is better than 10%Crab and observation time, both also in Galactic coordinates. The white contoursin the lower panels delineate the boundaries of the survey region
in radio, at 1.1 mm wavelength [52]. A quantity of matter corresponding to anestimated 60million solar masses constitutes this region, with an average density100 times larger than outside the CMZ, i.e. of about hundreds of atoms per cm3

[192]. The main structures in the CMZ region are: Sgr A∗ radio arc complex, Sgr B,Sgr C, and Sgr D as shown in Fig. 5.1. Observing the inner few degrees of the GC atdifferent wavelengths revealed expandingmolecular rings, arc structures and theGC lobes. These structures are fundamental to understand the processes takingplace at the GC lobes. Indeed, explosive events may have generated all of thestructures, but the production mechanisms are still unknown. Better knowledgeof the morphology, density and velocity of the underlying gas distribution couldhelp to further investigate them.
5.3.2 The Galactic Center ridge
The central 200 pc of the Milky Way hosts the Galactic Center ridge, a large ex-tended VHE gamma-ray emission. H.E.S.S. observed it [9], and could reveal its
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morphology thanks to the very good angular resolution. The observation showedthat the GC ridge emission is spatially correlated with a complex of giant molec-ular clouds. In Fig. 5.5, the CS contours of the gas clouds are overlaid to theH.E.S.S. map of the GC region. This map is obtained after the subtraction of thebright point-like sources HESS J1745-290 andG0.9+0.1 in the top panel. At the bot-tom right of the figure, the emission from HESS J1745-303 is visible. The emissionthat extends along the Galactic plane for about 200 pc in longitude and 30 pc inlatitude is the Ridge. To extract its spectrum, a region of |l|<0.8◦ and |b|<0.3◦ hasbeen chosen. A power law with spectral index 2.29 well describes the emission.CRs nuclei interactingwith the CMZ are likely responsible for the production of theridge emission, due to the correlation with the CS map. The initial CRs spectrumcan be recovered and is expected to have an index of about 2.3. The spectrum ishard, compared to the neighborhood with index 2.75, and could be related to thesource being close to the central accelerator. This would not allow strong energylosses. The number density of CRs with multi-TeV energies exceeds the local den-sity by a factor from 3 to 9. This measurement points towards the presence of anadditional injection of CRs above the CR local flux.

5.3.3 Galactic Diffuse Emission measured by Fermi-LAT

The Fermi-LAT instrument measured a diffuse emission in the MeV-GeV energyrange, known as theGalactic Diffuse Emission (GDE). This background is producedby standard astrophysical processes originating in the GC and Galactic plane. Themechanisms responsible for this emission are electrons/positrons ICS andbremsstrahlung,and pion decay. The Galactic diffuse emission has been observed since the ’70sand had been already studied [350]. The most accurate studies of this emis-sion have been possible thanks to Fermi-LAT [25]. With respect to the previoustelescopes, the large FoV, the unprecedented sensitivity and wider energy range(spanning from MeV to hundreds of GeV), played an important role in the obser-vations with Fermi-LAT. The model of the GDE is based on some assumptions: itdepends strongly on the injected CRs spectrum, themodeling of the energy lossesand gains (diffusion, re-acceleration, ...), CR sources and gas distribution. More-over, the model depends on the interstellar radiation field (ISRF), the result ofemission by stars, and subsequent scattering, absorption, and re-emission of theabsorbed starlight by the dust in the interstellar medium (ISM). The computationof GDE models can be performed with GALPROP [362], providing the parametersfor ISM and ISRF. Both leptonic and hadronic processes need to be treated to pro-duce the GDE [284]. The distribution of VHE gamma-ray sources is traced by theICS, which is produced in the vicinity of CR accelerators. On the other side, ingas dense regions and molecular clouds like the previously mentioned CMZ, pro-cesses like Bremsstrahlung (dominating the low energies) and pion decay (dom-inating the high energies) take place. The emission correlated to the gas does
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not trace the CR accelerators because CRs have time to diffuse before interactingwith ambient nuclei. However, it traces the distribution of gas. The few hundredkiloparsecs around the GC and along the Galactic plane host most of the sourcesand gas clouds. Since the emission is the result of CRs interaction with the ISM,it can be used to study the propagation of CRs and the properties of the ISM. InFig. 5.9, we show a recent modeling of the spectra of the GDE, as extracted from
Fermi-LAT observations [24]. This modeling was obtained with GALPROP v54.1.We used this later for the derivation of the Fermi Bubbles spectrum at lowGalacticlatitudes, inside the region defined for the search of the emission with H.E.S.S. ob-servations. From the spectrum, we see that gas-correlated components (greensquares) dominate the ICS one (orange dots). Moreover, the derived spectra forthe Fermi Bubbles are shown.

Figure 5.9: Spectra of the GDE as measured by Fermi-LAT and its components.The data are shown as blue squares. The contributions to the emission areshown as gas-correlated GDE emission (green squares), ICS radiation (orangedots), isotropic background (magenta diamonds), point-like sources (yellow tri-angles) and the GC GeV excess (green triangles). High latitude (|b|>10◦) and lowlatitude (|b|<10◦) Fermi Bubbles emissions are shown as well as indigo trianglesand teal stars, respectively. Figure extracted from Ref. [24].

5.3.4 The Galactic Center Excess detected by Fermi-LAT
The inner 1◦ region of the GC showed a gamma-ray excess (GCE) in GeV Fermi-LAT measurements, with respect to the predictions from interstellar emissionmodel (IEM). The DM hypothesis was one of the first interpretations. It was shownthat the signal could be explainedby the annihilation ofDMparticleswithmass 30-50GeVwith aNFWprofile [292] and relic cross section of the order of 10−26 cm3s−1
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as predicted for thermal production. However, constraints below the relic crosssection up to a few hundreds GeV had been set fromprevious Fermi-LATmeasure-ments in conventional-background-free dwarf galaxies. This is in tension with thepossible DM explanation of the GCE. The spectra used to define the hypothesisappeared strongly dependent on the chosen IEM in the updated analysis [24] withthe updated 6.5 years of Fermi-LAT observations. The latter also included an addi-tional population of electrons used in themodeling of the CMZ and three differentpoint source catalogs. Amore recent analysis revisited the spectrum from theGCEwith 11 years of observations with Fermi-LAT [158] as shown in Fig. 5.10, extractedfrom Ref. [158]. The spectrum of the GCE has been remodeled in [24] consideringthe interplay with the addition of low-latitude emission from the Fermi Bubblesand is shown in Fig. 5.9 as black circles. From the debate around the nature ofthe GDE, a population of millisecond pulsars in the Galactic bulge was proposedas a promising hypothesis. This population would be derived by non-sphericallysymmetric stellar density distributions of the Galactic bulge [257].

Figure 5.10: Comparison between the spectra for the GCE obtained in Ref. [158]and previous analyses. The different analysis techniques available for the compu-tation of the IEMs produce the variation represented by the bands. The best-fit tothe GCE SED, obtained with the Baseline IEM by using a log-parabola function, isdisplayed. Figure extracted from Ref. [158].
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5.4 Outflows from the Galactic Center

5.4.1 The Galactic Center PeVatron
H.E.S.S. published the measurement of an excess of photons detected in the GCin Ref. [18]. The spectrum has been measured up to tens of TeV. The measuredspectrum and the best fit of the diffuse emission in the TeV energy range areshown in the left panel of Fig. 5.11. The analysis of this source has been per-formed in an open-ring-shaped region of interest of size 1.4×10−4sr, extendingfrom inner radius of 0.15◦ to the outer one of 0.45◦. A cut to exclude a part ofthe region has been extracted at opening angles between -10◦ and 56◦. The ex-cess map extracted from the H.E.S.S. paper is shown on the left panel of Fig.5.4.The right panel shows a zoom on the GC TeV diffuse emission and shows theregion of interest. To describe the spectrum from the emission measured inthis region, a power law with no cutoff, a photon index 2.32 and normalization1.92×10−12 TeV−1cm−2s−1 is found. To explain the normalization of the spectrum,the standard diffusion coefficient of D=6×1029 (E/10 TeV)1/3 cm2s−1 is used and
Q̇p(≥ 10 TeV) ≃ 4×1037(D/1030 cm2s−1) erg s−1 as the required constant injectionrate [18]. The two quantities are derived from numerical computations to obtainthe energy spectrum of cosmic-ray protons for E > 10 TeV. To measure the radialdistribution of cosmic rays in the CMZ, ωCR(E, r, t), the same assumption can bemade. Between the tested dependencies, ωCR ∝ 1/r is best to reproduce the data.Other scenarios could be CRs advected in awind or from an injection from a burst.However, they are not favored by the data. The scenario with ωCR ∝ 1/r indicatesa quasi-continuum injection into the CMZ. 5.7×1034 erg s−1 of integrated luminos-ity is obtained above 1 TeV. Extremely energetic protons can produce gamma-raysof such a luminosity when accelerated by the central emitter. [18]. Sgr A∗ is ar-gued as the most plausible supplier of protons and nuclei accelerated either inthe accretion flow, or at the termination of the outflow. To obtain gamma-rays atsuch large energies, the acceleration of the protons must push them to PeV ener-gies. An object that can do this is named PeVatron. Standard accelerators usuallyshow a cutoff at a few TeV, instead. There have been alternatives to the PeVatronsolution, suggesting for instance a SNR scenario. However, a single SNR wouldnot produce such a large luminosity over a long timescale (> 100 yr). Alternativeexplanation to Sgr A∗ for the diffuse emission and the PeVatron are provided inRef. [238].

5.4.2 The Fermi Bubbles
Fermi Bubbles (FBs) are giant bipolar structures of width of 40◦ in Galactic longi-tudes, extending up to 55◦ above and below the Galactic plane in latitude. Theywere observed with Fermi-LAT and a recent analysis derived their spectrum [24].
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Figure 5.11: Left panel: Gamma-ray spectrum at TeV energies of the diffuse emis-sion in the GC region (red) and the PeVatron, HESS J1745-290 (blue). The fit for thetwo spectra are shown as a power-law and an exponential cutoff power law forthe diffuse emission and the PeVatron, respectively. Right panel: CRs distributionas a function of the projected distance to the GC. Three fits to the data are shown:1/r (red dashed line), 1/r2 (blue dashed line) and homogeneous (black dotted line)radial profiles integrated along the line of sight. The 1/r profile is preferred. Figureextracted from Ref. [18].

From the high latitude observations, the spectrum extracted shows a slope of 1.9and a cutoff at 110 GeV. In more recent analyses, the VHE FBs emission showedtwo components [198]. While at high latitude the FBs spectrum is quite soft, thelow latitude component, i.e., for |b|<10◦, seems harder and brighter. The tem-plate at low-latitude is used later for the search for the expected emission ofthe FBs at TeV energies in Chap 7. In Fig. 5.12 we show the FBs template usedlater in the search for the TeV FBs emission with H.E.S.S. observations as well asto model the background emission expected when computing H.E.S.S. sensitivitylimits on the possible DM detection (see Chap. 10). The FBs emission is observedwith a photon index of 1.9, therefore its association with the GDE, which showsa photon index of 2.4, is not favored. While the high-latitude FBs spectrum soft-ens significantly above 100 GeV, this behavior is not seen at low-latitudes and nosignificant hint for a cutoff in the Fermi spectrum is observed. This keeps openthe possibility to observe a low-latitude FBs component in TeV gamma-rays withH.E.S.S.. In Fig. 5.9 we show the spectra extracted from the Fermi article [24].The Fermi Bubbles in |b|<10◦ and |b|>10◦ are shown as teal starts in indigotriangles, respectively. A structure similar to the Bubbles has been recently ob-served by eROSITA [316]. Soft-X-ray emitting bubbles extending approximately 14kpc above and below the plane are shown in Fig.5.13. They enclose the gamma-ray emission observed by the Fermi telescope and seem to be correlated to the
126



Fermi Bubbles. The mechanism of their production is not clear yet. From the de-tection of synchrotron haze, we can assume that a radio counterpart should bepresent in leptonic scenarios. The emission can be reproduced by both leptonicand hadronic processes of gamma ray production [24]. In one recent analysis ofthe GC region with MeerKAT, one of the large coherent structures observed is the430 pc bipolar radio bubbles which should be related to the FBs [200]. In Chap. 7we present the most recent analysis for the search of the Fermi Bubbles emissionwith the H.E.S.S. Inner Galaxy Survey dataset.

Figure 5.12: Fermi Bubbles emission template for the high-latitude and low lati-tude components, respectively in the left and right panels [24]. The graymasks areexcluded regions corresponding to other previously detected gamma-ray sources.

5.4.3 Radio and X-ray outflows
A lobe structure was also revealed by radio and X-ray observations of the innerMilky Way halo. The former has been observed as broadly collimated outflows,ejected from the GC perpendicularly to the plane. Observations, part of a radiosurvey at 10 GHz, in the radio continuum with the Nobeyama Radio Observatorydetected the extended lobe jet-like emissions [338]. At 1◦ above the plane, struc-tures have been detected. The same features are highlighted in the survey at 5GHz taken from the Bonn survey. Radio outflows from the GC region have beendetected also by the Green Bank Telescope in a survey of the inner 4◦×1◦ of theMilky Way [241]. These observations, performed at 3.5, 6, 20 and 90 cm show
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Figure 5.13: A composite view of Fermi–eROSITA Bubbles. The X-ray observationsare shown as the cyan region. The gamma ray emission, as observed by Fermi, isshown in red. Figure extracted from Ref. [316]
lobes of diffuse emission that extends above the Galactic plane, coming out ofthe proximity of the GC. In addition, the ROSAT all-sky survey identified burstsand emission structures from the GC region. Two towering "chimneys" glowingin X-rays have been observed by Chandra, XMM-Newton and Suzaku [287], bothin the Northern and Southern hemispheres. The X-ray brightness and color iscomparable in the two hemispheres.

128







Chapter 6
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SummaryThis chapter is dedicated to the description of the entire 2014-2020 H.E.S.S.-II dataset of observations of the GC region. It includes the Inner Galaxy Survey(IGS), the first ever conducted survey towards the Galactic Center region in theTeV energy range. With six years of high-quality observations collected with thefull five-telescope H.E.S.S. array, the 2014-2020 dataset is used in the followingchapters to search for (i) dark matter annihilation signals in Chap. 8 and (ii) theexpected TeV emission at the base of the Fermi Bubbles in Chap. 7. Moreover, anIGS-like mock dataset is built in Chap. 10 to derive expected sensitivity on the de-tection of darkmatter signal withH.E.S.S.. The full exposuremapobtained so far iscompared to the one from the 2004-2013 H.E.S.S.-I dataset of observations of theGC. Moreover, the evolution of the gamma-ray acceptance maps of the observedFoV during the years of the IGS is shown. The parameters for the observations ofthe entire six-years dataset are shown.In Sec. 6.1 we will explain the goal and the strategy used to perform the ob-servations of the IGS. In Sec. 6.2, we discuss the full observational dataset of theSurvey, with details about the different phases of H.E.S.S. observations. Sec. 6.3is dedicated to the parameters of the observations performed between 2014 and2020. In the same section, excess and significance sky maps of the dataset areshown. In Sec. 6.4, we explain how we performed a thorough study on the sys-tematic uncertainties affecting this massive dataset. A procedure to derive back-ground models for the 2014-2020 H.E.S.S. dataset is explained in Sec. 6.5 with afew preliminary results. Finally, we draw the conclusions and some possible out-looks in the final Sec. 6.6.
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6.1 Description of the Inner Galaxy Survey

6.1.1 Scientific goals of the Survey
The IGS was included in the key-science projects of H.E.S.S. from 2016. One ofthe goals of the IGS was to homogenize the time exposure of the region in posi-tive Galactic Latitudes above the Galactic Center. To accomplish that goal, a gridof pointing positions have been defined. The survey aimed at covering the in-ner several hundred parsecs of the Galactic Center to to achieve the best sen-sitivity possible to the signals coming from DM annihilation and Galactic Centeroutflows. The largest measurable DM annihilation signal is expected from the GCregion, due to its proximity and the large expected DM content. When consider-ing a cuspy DM profile, the expected signal is lowered if observations of latitudesof few degrees above the Galactic plane are taken. However, that region is mucheasier to treat with respect to the very GCwhich is crowded by conventional astro-physical background emissions. Moreover, studies of ≤ 1 kpc DM cores can ben-efit from observations that extend far from the GC. Therefore, new studies canbe performed to improve upon previous analyses on DM annihilation searchesobtained with H.E.S.S. observations [13, 244]. The survey dataset has also beenused for the search of TeV low-latitude Fermi Bubbles emission, which has alreadybeen detected at other wavelengths [24, 316] and can be studied in the TeV en-ergy range. Moreover, the FBs emission is measured as brighter and harder atlow Galactic latitude than in the other regions around the GC [24]. We can there-fore use the IGS dataset to search for this emission. Analyzing the Fermi Bubblesemission can bring new insights in the studies of the acceleration processes driv-ing the parent particle populations and the astrophysical objects present in theGC region that produce such processes. H.E.S.S. already extensively observed theGalactic plane [8] with the four-telescopes H.E.S.S.-I array. Another goal of theIGS is to deepen the knowledge of the diffuse emission coming from the Galac-tic plane, a background that can affect the observations at few degrees abovethe plane and needs to be taken into account when performing the DM and out-flow searches. Both the higher latitudes of the pointing positions and the largerstatistics of the H.E.S.S. phase II observations of the GC region, will be useful forstudying the shape of the TeV emission from the GC and will help disentanglingbetween different hypotheses previously mentioned.

6.1.2 Telescopes pointing positions
The observations of the IGS program have been carried out with pointing po-sitions at Galactic latitudes up to 3◦ from the GC. The IGS pointing positions inGalactic coordinates are listed in Tab. 6.1. From this configuration, an almost ho-mogeneous time exposure of the region was obtained. The Northern hemisphere
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of theGC regionwas chosen, due to the combination of the large spatial extensionof this interesting region and the limited visibility window of the GC. In addition,the Southern region of the GC hosts a larger level of NSB in an extended region,as shown in Fig. 6.1. The observational time for each of the pointing positionswas chosen and requested in the observational proposal to the H.E.S.S. collabo-ration year-by-year. The distribution of observational time between the differentpointing positions was adapted to reach an almost homogeneous time exposurebetween 0◦ and 4◦ in Galactic latitudes and 2◦ and -2◦ in Galactic longitudes. Thepointing positions have been chosen during the years and have been arranged toform a spatial grid with fourteen components. Studies of extended distributionof dark matter in the Milky Way halo and the expected low-latitude TeV emissionfrom the Fermi Bubbles benefit from the geometry of the grid of the IGS point-ing positions. In fact the brightness surface of the low-latitude emission from theFermi Bubbles peaks in the North to the Galactic plane [24], inside the region ofmaximum exposure of the H.E.S.S.-II dataset.

Figure 6.1: NSB map in MHz of the inner halo of the Milky Way in Galactic coor-dinates. The region is zoomed to show the zone where maximum exposure isobtained with the dataset of H.E.S.S.-II observations.
Pointing position name 1-4 1-5 1-6 1-7 1-8 1-9 2-5 2-6 2-7 2-8 3-5 3-6 3-7 3-8Gal. long. [deg.] -3.0 -1.8 -0.6 0.6 1.8 3.0 -1.8 -0.6 0.6 1.8 -1.8 -0.6 0.6 1.8Gal. lat. [deg.] 0.8 0.8 0.8 0.8 0.8 0.8 2.0 2.0 2.0 2.0 3.2 3.2 3.2 3.2

Table 6.1: IGS pointing positions in Galactic coordinates for the 2016-2020 obser-vations. In the first row, the names of the pointing positions are given. In thesecond and third rows, the Galactic longitudes and latitudes of the pointing posi-tions are given.
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6.2 Observational dataset

The full H.E.S.S. dataset of observations of the inner halo of the Milky Way in-cludes measurements collected with both the phase I and the phase II of theH.E.S.S. array. The phase I includes observations with only the four-telescope ar-ray, whereas the fifth telescope was used too for observations during the secondphase. Phase-I observations were taken between 2004 and 2013, towards point-ing positions distributed around the GC. Some of these pointing positions wereexplicitly dedicated to the observation of the central supermassive black hole SgrA*. This dataset consists of 254 hours of high-quality data and was used for thesearch of DM annihilation signals published in 2016 [244]. Phase II observationswere taken between 2014 and 2020, with both pointing positions close to the GCand the IGS ones. The phase II dataset consists of 546 hours of observations, thatwe used to publish an update on the search for DM annihilation signals from theGC region [7], and the search for the TeV emission from the low-latitude FermiBubbles [286]. Both datasets are mostly constituted by 28-min data taking obser-vational runs. The most constraining limits on the velocity weighted cross sectionof annihilating DM in the TeV mass range have been obtained with the 2014-2020dataset. A combination of the two datasets is foreseen as a legacy study, in orderto obtain themost constraining limits on self-annihilating DM from the GC region.For both datasets, the γ-ray events were chosen following standard quality selec-tion criteria [33]. In the following, we will describe the two datasets singularly.

6.2.1 H.E.S.S. phase-I observations of the Galactic Center

The H.E.S.S. phase I dataset consists of 254 hours (live time) of GC observationsperformed between the year 2004 and 2013 included. The offset of the pointingpositions w.r.t. the GC was chosen to be from 0.7 up to 1.1◦. The γ-ray eventswere chosen following standard quality selection criteria [33]. All observationswere taken under nominal darkness conditions. In addition, observational zenithangle lower than 50◦ was required, to minimize systematic uncertainties in theevent reconstruction. The mean zenith angle obtained for the selected observa-tions is 19◦. The data were analyzed in CT1-4 Stereo mode, i.e. at least two of thesmaller telescopes are required to trigger the same shower event, with a semi-analytical showermodel [291]. Figure 6.2 shows the exposuremap (m2s) obtainedfrom this dataset. The exposure is obtained by convolving the time exposure withthe acceptance of the H.E.S.S. phase I instrument as used in [244]. The H.E.S.S.-Idataset shows an almost flat exposure within the inner ∼ |1.7|◦ of the GC regionin longitudes and latitudes.
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Figure 6.2: Exposuremap (inm2s) of the observational dataset of theGC region forthe H.E.S.S. I [244] phase. The position of the supermassive black hole SagittariusA∗ is symbolized by the black triangle.
6.2.2 H.E.S.S. phase-II observations of the innerMilkyWayhalo
The entire H.E.S.S. phase II dataset consists of high-quality 546 hours (live time)of observations taken towards the inner halo of the Milky Way. This dataset wascollected between 2014 and 2020. The IGS started in 2016, aiming at the coverageof the GC region with significant exposure at Galactic longitudes |l| < 5◦ and lati-tudes b from -3◦ up to 6◦. The total time-exposure map for the 2014-2020 datasetis shown in Fig. 6.3 in Galactic coordinates. In the right panel of the same figure,the exposure map is shown. It is obtained by convolving the time-exposure mapwith the acceptance of the H.E.S.S. telescopes for the observations of the IGS. Thepointing positions of the IGS are shown as well. An acceptance-corrected time ex-posure of at least 10 hours is reached up to b ≈+6 ◦ with the 2014-2020 dataset.The pointing positions of the IGS are shown as well. A zoomed view of the full ex-posure map of this dataset is shown in Fig. 6.4. For the 2014-2020 dataset, about5 times more exposure is available due to the larger observational time and theimproved sensitivity of the full five-telescopes H.E.S.S. array.
H.E.S.S. phase-II observations before the IGS

The data collected in 2014 and 2015 were dedicated to observations towards theGC region. Pointing positions for 2014 and 2015 observations were chosen for theneeds of the Galactic plane survey [8] and dedicated source observations of thepulsar PSR J1723-2837 and the supermassive black hole Sagittarius A∗. The 2014and 2015 observations resulted in 50 and 84.5 hours of high quality data, respec-tively. The gamma-ray sky acceptances for 2014 and 2015 observations are shown
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in the top left and top right panels of Fig. 6.5, respectively. The acceptance is fairlyflat within 1◦ and degrades rapidly at larger latitudes. Observations were takenunder nominal darkness condition and at zenith angles lower than 40◦ tominimizesystematic uncertainties in the event proper reconstruction. Angular resolutionof 0.06◦ (68% containment radius) and an energy resolution of 10% above 200GeV are achieved. The events are reconstructed in either CT1-5 Stereo or CT1-4
Stereomode, i.e. at least two telescopes are required to trigger the same showerevent, with a semi-analytical shower model [291]. In this case, the best event re-construction between an array configuration with only CT1-4 telescopes and onewith CT1-4 and CT5 telescopes is chosen. After 2015, the IGS observations werealso meant to compensate for the lack of exposure at larger Galactic Latitudes.
H.E.S.S. phase II Inner Galaxy Survey observations

The H.E.S.S. phase II IGS dataset includes observations collected between 2016and 2020. In 2016, a total of 65 hours has been collected almost homogeneouslyon the 14 pointing positions. The 2017 observational campaign was conducted inorder to homogenize the exposure on pointing positions at higher latitudes withan amount of 60 hours of observations. The three years of observations between2018 and 2020 were focused to increase the time exposure over the 3-X pointingpositions of the grid, with some observations dedicated to 2-5 and 2-8. For thelast three year of IGS, 84.7, 95.5 and 106.3 hours were observed respectively. Thegamma-ray sky acceptances for the observations in 2016, 2017, 2018 and 2019are shown in the middle panels of Fig. 6.5. The procedure for the selection of the
γ-ray events applied is the same that we described in the previous section. For2014-2019 observations, the CT1-5 Stereomode is used as reconstruction config-uration. For 2020 observations we apply the CT1-4 Stereo mode, where the bestevent reconstruction between the array configurations with only CT1-4 telescopesis chosen. This is necessary since no lookup and spectral tables for the processingof 2020 data in CT1-5 Stereomode are available for physics analysis of FlashCam inCT5. Therefore, we have to use the CT1-4 Stereo configuration. The total gamma-ray sky acceptances for the observations taken between 2014 and 2019 is shownin the bottom left panel of Fig. 6.5. The acceptance for the observations collectedin 2020 is shown in the bottom right panel of the same figure.

137



Figure 6.3: Time-exposure and exposure of the H.E.S.S. II dataset observed be-tween 2014 and 2020 in the left and right panels, respectively. An accepted cor-rected time exposure of at least 10 hours is reached up to b≈+6◦. The black tri-angle shows the position of the supermassive black hole Sagittarius A∗. The blackcrosses show the pointing positions of the IGS observations of the dataset.

Figure 6.4: Zoomed view of the exposure map (in m2s) of the 2014-2020 obser-vational dataset of the GC region for the H.E.S.S. II phase as published in [7]. Theposition of the supermassive black hole Sagittarius A∗ is symbolized by the blacktriangle.
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Figure 6.5: Gamma-ray sky acceptance maps in Galactic coordinates for the ob-servations of the inner halo of the Milky Way taken between 2014 and 2020. Theposition of the supermassive black hole Sagittarius A∗ is shown by the black trian-gle. The first six maps show the acceptance for the observations taken between2014 and 2019 in the CT1-5 Stereo, or Combined Stereo, mode. The bottom leftpanel shows the combination of the acceptance maps for the years 2014-2019.The bottom right panel shows the map for the observations taken in 2020, withthe CT1-4 Stereo, or H.E.S.S. I Stereo, mode.
139



6.3 Low-level analysis of the 2014-2020 data taking

6.3.1 Zenith and offset distributions
After data quality selection, the 2014-2020 H.E.S.S. II dataset provides 546 hours.As of standard criterium, observations with zenith angle lower than 40◦ were pre-ferred. However, they are not always possible due to the limited time windowavailable due to numerous astrophysical objects of interest in the 17-18h rightascension band1. Therefore, the zenith angle of the observations ranges from3.0◦ up to 60.0◦, with a mean value of 18.0◦. Observations carried out in 2014 and2015 were performed on pointing positions closer to the GC, therefore the meanvalues of offset are 1.1◦ and 1.5◦, respectively. For both years, a mean zenith of19.7◦ was reached for the observations. After 2016, the observations were per-formed mostly on 2-X and 3-X pointing positions, therefore the mean offset in-creased. For 2016, 2017, 2018, 2019 and 2020 observations values of mean offsetof 2.2◦, 3.0◦, 2.7◦, 2.8◦and 3.3◦ respectively are obtained. For the same years, themean zenith values of 12.0◦, 13.2◦, 19.7◦, 18.2◦and 18.3◦ respectively are reached.Themean values of zenith and offset angles are summarized in Tab. 6.2 for all theyears in the dataset. Year-by-year offset distributions are shown in Fig. 6.6. Themean offset for each observation is shown by the green dashed line. The bottom-right panel shows the distribution stacked from the six-years H.E.S.S. dataset col-lected between 2014-2020. The zenith angle distributions for each year of obser-vations are given in Fig. 6.7. The red dashed line shows the mean zenith angle forthe respective year. The bottom right panel shows the stacked distribution fromthe six years of observations.

Years 2014 2015 2016 2017 2018 2019 2020Zenith [◦] 19.7 19.7 12.0 13.2 19.7 18.2 18.3Offset [◦] 1.1 1.5 2.2 3.0 2.7 2.8 3.3
Table 6.2: Mean zenith and offset angles for the observational runs in each yearof the 2014-2020 dataset.

6.3.2 Excess and Significance sky maps
Standard gamma-ray excess and significancemaps are produced for theH.E.S.S. IIdataset with the Ring Background method in the CT1-4 Stereo and CT1-5 Stereomodes, including the full five-telescopes array. No standard exclusion region onthe known VHE sources is applied. Themaps are shown in Fig. 6.8 for the zoomed

1Right ascension is a coordinated that together with the declination give the position of anobject on the sphere of the sky. Unlike longitude, right ascension is usually measured in hours,minutes and seconds, where 24 hours corresponds to a full circle, i.e. 360◦.
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Figure 6.6: Distributions of the offset angles θoff between the nominal GC positionsand the pointing position for the entire H.E.S.S. II campaign of observations of theinner halo of the Milky Way. The panels show the distributions for each year ofobservations and the stacked distribution from the whole 2014-2020 dataset. Thegreen dashed line shows the mean offset angle for each distribution.
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Figure 6.7: Distributions of the zenith angles θz for the pointing positions for theentire H.E.S.S. II campaign of observations of the inner halo of the Milky Way.The panels show the distributions for each year of observations and the stackeddistribution from the whole 2014-2020 dataset. The red dashed line shows themean zenith angle for each distribution.
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region between -4◦ and 6◦ in Galactic latitudes and in |5◦| in Galactic longitudes.The left panel shows the photon excess with respect to the background. The mapis artificially saturated at 1000 counts. The middle panel shows the significancemap in terms of standard deviations, saturated at 15 σ. Some significant hot-spots(with 4 σ significance above the background) are present in the map. The knownVHE sources that stands above the background emission are HESS J1745-200 (SgrA∗), HESS J1747-281 (G09+01) and HESS J1745-30. The TeV emission from Sgr B2is visible too. The diffuse emission can also be identified around the GC region.Known sources and hot-spots will be covered with exclusion regions during theanalyses for the search for dark matter signals and Fermi Bubbles emission. Dur-ing the analysis, the sources are coveredwithmasks. No hint for a possible sourcedetection in regions of the sky outside the masks is found.The right panel of Fig. 6.8 shows the significance distribution obtained with thephoton counts used for the production of the significance map. The distributionis fitted with a Gaussian function. The counts extracted from the pixels of the Sig-nificancemap show significance values largely above the 5 σ. These are due to thehigh significance sources previously mentioned. However, if these sources are re-moved the bins of the Significance distribution are contained inside the Gaussianfit.
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Figure 6.8: Gamma-ray excess map (left panel), significance map (middle panel)and significance distribution (right panel) for the H.E.S.S. II dataset, obtained withthe Ring Background technique in the CT1-5 Stereo and CT1-4 Stereomodes. On themaps, no exclusion region is applied.

6.4 A study of the systematic uncertainties
The inner halo of theMilkyWay is a complex environment with numerous sourcesemitting in the high and very-high-energy gamma-ray regimes. In this region, thelevel of the Night Sky Background (NSB) undergoes significant changes and this
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may affect the measurement of the residual background at low energies. In thenext sections we present the study to derive possible correlations between thegamma rate in the FoV and the level of NSB. We then investigate the homogene-ity and isotropy of the measured residual background across the FoV, throughthe analysis of the distributions of the gamma-like rates measured from differentpointing positions of the survey. The residual background is correlated with thezenith angle of the observations, therefore a gradient in the gamma-like rate is ex-pected. In the next sectionswe also explain howwedeal with this effect. A system-atic uncertainty may arise when assuming imperfect azimuthal symmetry acrossthe FoV of the telescope. We explain how we compute the number of counts as afunction of the angle. Finally, we analyze the energy scale uncertainty by comput-ing the energy shift that affect the energy reconstruction of the common events inthe two H.E.S.S. analysis chains. The studies presented in this section are adaptedto the configurations needed for the analyses that we performed to search for theFBs TeV emission (see Chap. 7) and DM annihilation signals (see Chap. 8). How-ever, the procedure for the derivation of the level of systematic uncertainties issufficiently general to hold for analyses with other datasets.

6.4.1 Night Sky Background and gamma-like rate correlation

In the FoV of the IGS dataset observations, the level of the Night Sky Background(NSB) undergoes significant changes due to the presence of the bright stars in thefield of view. The NSB varies from a minimum of 25 MHz up to 400 MHz photo-electron rate per pixel in the FoV. However, the minimum and maximum valuesof NSB are in regions of the sky that are never covered by the region of inter-est of our analyses. The map of the NSB in the region has been already shownin Fig. 6.1. In the shower template analysis, a dedicated treatment of the NSB isperformed as described in Ref. [153], where the contribution of the NSB is mod-eled in every pixel of the camera. With this analysis procedure, additional imagecleaning to extract pixels illuminated by the showers is not needed. However,we want to check for possible residual NSB and gamma-like-rate correlation. Forthis, we define squared regions around some pointing positions of the IGS. Theformer are chosen with 1◦ side and with squared pixels of 0.1◦x0.1◦. We extractthe values of the NSB from the pixels, we then build distributions and computemean and RMS values for the NSB rate. From these values we find no correlationsbetween the NSB and the background distribution for the different pointing posi-tions considered for this test. In the left panel of Fig. 6.9 we show an example ofthe squared region extracted around pointing position 2-7 of the IGS dataset. Inthe region, the NSB varies between 110 MHz and 150 MHz. The scale of the panelhas been restricted on purpose in the range between 100 MHz and 160 MHz tosee the fluctuations of NSB. In the right panel of Fig. 6.9, we show the evolutionof the gamma-like rate with respect to the changes in the NSB of the region. For
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the analyses that we carried out with the H.E.S.S. II dataset, we extract regions ofinterest where the NSB varies between ∼ 100 MHz and 300 MHz. If we considerthese two values, the gamma-like rate varies up to 1%. For all the pointing posi-tions and the regions of interest that are used in the analyses with the 2014-2020dataset, such a large difference in NSB rates is never reached.
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Figure 6.9: Left panel: Map of the NSB rate inMHz for the squared region of side 1◦side and with squared pixels of 0.1◦x0.1◦ taken around the IGS pointing position2-7. Right panel: Gamma-like rate as a function of the NSB measured in the FoV ofthe 2014-2020 H.E.S.S. dataset. The NSB rates span from a minimum of 25 MHzup to 400 MHz, due to the high variability of the NSB of the region.

6.4.2 Zenith angle and gamma-like rate correlation
To analyze the homogeneity of the background rate across the FoV, we check thedistributions of the gamma-like events for the considered dataset. For this, we ex-tract the gamma-like number counts from the same squared regions defined inthe previous section. We renormalize the counts by time exposure on a pixel-by-pixel basis and then compute mean and RMS of the distributions. The measuredRMS results are larger than what is expected from statistics only. Therefore, wederive a mean value of systematics of 4% from all the regions that we consideredfor this study. In Fig. 6.10, we show one of the squared regions extracted aroundpointing position 2-7 of the IGS dataset. However, for the analyses with the IGSdataset, we can have a more precise definition of the region of interest for whichwe need to estimate the systematics uncertainty and we need to perform a com-putation valid on a run-by-run basis. Therefore, we adopt a second approach toinvestigate the possible inhomogeneity of the background rate across the FoV dueto the gradient in the zenith angle of the observations. We investigate the corre-
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lation between the difference in the zenith angles values and the gamma-like rategradient. For this we take as an example the analysis for the dark matter search.For this analysis, we buildON regionswherewe search for the expected signal andcontrol OFF regions where we measure the residual background. The ON regionsare also referred to as the regions of interest (ROI). The OFF regions are built withthe Reflected Background method, as explained later in Sec. 7.3.1 and Sec. 8.2.3.Applying this method, we reflect the ON region with respect to the pointing po-sition and we define the OFF one. However, we know that by construction thereare different values of zenith angles for events in the ON and in the OFF region.And for each degree of difference in the zenith angle across the FoV, we expect 1%gradient in the gamma-like rate. To test this, we build distributions of the zenithangles per ROI and per pointing position. The former are shown for two pointingpositions and two ROIs in Fig. 6.11. The mean values of the distributions as wellas the nominal zenith angle of the pointing position are shown in the figure too.From the test, we obtain a maximum difference between the mean values θz,ONand θz,OFF of 1◦. For each run, ON and OFF distributions can be renormalized bythe difference. Therefore, the gradient of gamma-like rate in the FoV is taken intoaccount. However, the typical width of 1◦ of the obtained distributions introducesa systematic uncertainty. According to the expected 1% gradient for each degreeof difference in the zenith angle, we consider a systematic uncertainty of 1%. Thisvalue will be applied on the normalization of the event energy distributions thatare used for further analyses.
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Figure 6.10: Map of themeasured events frombackground for the squared regionof side 1◦ side andwith squared pixels of 0.1◦ ×0.1◦ taken around the IGS pointingposition 2-7.
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Figure 6.11: Zenith distributions obtained for the darkmatter search analysis withthe Reflected Background for two ROIs and two pointing positions. The red distri-bution is built from events extracted from the ON region, the blue one for theOFF region. The lines with the corresponding colors show the mean values of thedistributions. The nominal zenith angle of the pointing position is shown as theblack line.

6.4.3 Azimuthal symmetry in the field of view

To test the azimuthal symmetry in the FoVwe consider annular regions built aroundsome selected pointing positions. We probe different radius values but we reporthere the example for the ring of the region of rin = 0.7◦and rout = 0.8◦. Thesedimensions are the closest to the offset between the source and the pointing po-sition, usually adopted for observations with the H.E.S.S. telescopes. One exam-ple of the ring built for the mentioned rin and rout is shown in the left panel ofFig. 6.12, in galactic coordinates. In this case, the IGS pointing position 2-6 is cho-sen. To test for azimuthal symmetry and see whether there is a preferred anglein the camera FoV, the rings are divided in 36 angular bins in which the numbercounts of gamma-like rates is estimated. Then, the distribution over the bins isbuilt and the mean and RMS values are extracted. No systematic uncertainty isfound apart from the expected 1% per degree of zenith angle gradient in the FoV.In the right panel of Fig. 6.12 we show the number of counts for each of the 36angular bins. On this, we fit a function defined as f(α) = p0 + p1sin(kα + p2). Weconsider the fit for k=1, i.e. we test the first harmonic. From the fit, we derive p1as compatible with zero, which means that there is no first harmonic and the dis-tribution of the counts over the angular bins is well in agreement with a constant.From this, we derived that there is no preferred angle in the camera FoV.
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Figure 6.12: Test for azimuthal symmetry on one pointing position of the IGSdataset. Left panel: annular region built around pointing position 2-6 for rin =
0.7◦and rout = 0.8◦, in galactic coordinates. The color scale shows the count ineach pixel of 0.02◦×0.02◦. Right panel: fit of the number counts extracted from 36angular bins with the function defined as f(α) = p0 + p1sin(kα+ p2). We considerthe fit for k=1, i.e. we test the first harmonic.

6.4.4 Energy scale uncertainty

The reconstructed energies of photon events selected by the two H.E.S.S. officialanalysis chains do not match perfectly. The two chains have been previously ex-plained in Sec. 2.3. We tested this discrepancy by comparing the events in ourdataset reconstructed by the two chains. We take events from the whole FoVand match them through their timestamp in s and ns in the two chains. We thencompute the mean of the difference between each energy value in HAP and PA,divided by themaximum value of the two. With the IGS dataset, we obtain that thesystematic uncertainty on the energy scale of the energy distributions is 10%. Thedistribution of the difference values is shown in Fig. 6.13. However, this uncer-tainty affects similarly the energy scale of the measured and the expected energycount distributions. This would lead to an overall shift on the energy scale of theconstraints that can be computedwith the dataset. We therefore do not apply anycorrection for the former in the analyses that we carried out with the 2014-2020H.E.S.S. dataset. However, the value of the width of the distributions is consideredas value of systematics uncertainty.
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Figure 6.13: Distribution of themeandifference between the energy of the photonreconstructed in HAP and PA, divided by the maximum of the two values. Themean and the standard deviation of the distribution are given too.

6.5 First developments towards background mod-
els for the H.E.S.S. II dataset

For the analyses carried out with the 2014-2020 dataset, we build event energydistributions for ON and OFF regions, where we search for the signal and wemea-sure the residual background. One possibility to cross-check the OFF distributionsis to build background models from observations external to the dataset. For thebackgroundmodels, we adopt two approaches. For the first approach, we extractobservations on extragalactic fields taken in the same observation conditions andbuild the event energy distributions. These are always distributions of gamma-like events, as extracted after the selection cuts already introduced in Sec. 2.3.4.For this, we do not need to mask any region in the chosen FoV, since we selectruns on FoV with no significant detection. In particular we use observations offour unidentified Fermi objects (UFOs) with H.E.S.S. [10] and of a selection of DESdwarf spheroidal galaxies (dSphs) recently observed with H.E.S.S. [14]. For thesecond approach, we asked for the production of run-wise simulations for the2014-2020 GC dataset. This approach consists in the simulation of the actual ob-servation conditions and individual telescope configurations [208], carried out foreach observational run. With this, spectrum tables for each observational run aregenerated. Moreover, events are simulated with the same parameters of eachobservational run and can be used after proper renormalizations.
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6.5.1 Backgroundmodels fromblank-field extragalactic obser-
vations

To build a background model from extragalactic observations we select runs inzenith angle bins from the UFOs and dSphs dataset. These observations are par-ticularly suited for the extraction of background only distributions since no sig-nificant excess is detected anywhere in the FoV. Therefore, no exclusion regionshave to be applied to cover significant VHE sources. From these measurementswe can extract gamma-like rate as a function of energy and offset from the point-ing position and use them to predict the distributions of events as observed in the2014-2020 H.E.S.S. GC dataset. However, the NSB of the FoV for the extra-galacticobservations is different from the one measured for the GC region. As we haveshown in the previous Sec.6.4.1, the NSB rate can vary in the inner halo of theMilky Way. This is not the case for the FoV of the UFOs and dSphs observations.Nevertheless, this should not affect toomuch the construction of the backgroundmodel because the NSB level in the UFOs and dSphs FoV reaches the level of ∼150 MHz and the pointing positions are in regions where the NSB varies from ∼100 up to ∼ 250 MHz. As it was shown in the left panel of Fig. 6.9, a variation ofNSB between ∼ 100 and ∼ 250 MHz implies a difference in the gamma-rate of ∼1% and could be included as an estimate of the systematic uncertainty.
To exploit the extragalactic observations that we selected, we perform theanalysis in the CT1-5 Stereomode as for the IGS dataset. We then divide the obser-vational runs in zenith angle bins of 5◦ width. We compute event energy distribu-tions for 100 energy bins logarithmically spaced between 0.1 and 70 TeV and for100 offset bins between 0◦and 10◦. Each event is collected in the correspondingenergy and offset bin. The offset value of each event is computed with respect tothe pointing position of the run. In Fig. 6.14, we show the PDF of the event energydistributions for one selected offset bin of θoff ∈ [1.2◦, 1.3◦] and for the zenith binsthat were covered with the observations over extragalactic fields. In Fig. 6.15, weshow a comparison between the event energy distributions extracted from IGSobservations and collected with the Reflected Background for the FBs analysis andfrom extragalactic observations. The distributions extracted from IGS observa-tions are obtained by events measured from a few runs of the dataset and forsome selected pointing positions. This is just an introductory example, more de-tailed studies are ongoing. The distributions from extragalactic observations arere-scaled for the solid angle of the ROI defined for the FBs analysis and for thelivetime of the IGS runs used for the measurements of the events. The distribu-tions are shown for the combinations of three zenith angle bins and two offsetangle bins. In Tab. 6.3, we summarize the extracted Ntot,IGS and Ntot,extra−gal. fromthe distributions. Ntot are extracted above a standard safe threshold for eventsreconstructed in CT1-5 Stereo, i.e. Ethr ≃ 200 GeV. The table also reports the per-centage difference between Ntot,IGS and Ntot,extra−gal.. The obtained percentage
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difference varies between 5% and 13%, depending on the zenith and offset bins.
Zenith range [15◦, 20◦[ [20◦, 25◦[ [25◦, 30◦[Offset range [0.5◦, 0.6◦[ [2.0◦, 2.1◦[ [0.5◦, 0.6◦[ [2.0◦, 2.1◦[ [0.5◦, 0.6◦[ [2.0◦, 2.1◦[
Ntot,IGS 347 94 254 61 50 50Ntot,extra−gal. 320 109 268 68 54 55Percentage difference 8% 13% 5% 11% 7% 9%

Table 6.3: Total number of counts from IGS and extragalactic observations aregiven above the safe energy threshold. The percentage difference between thetwo is reported in the last row. Numbers are given for the combinations of threezenith angle bins and two offset angle bins.
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Figure 6.14: Density of the event energy distributions extracted from extra-galactic observations. The distributions are shown for some zenith angle bins andfor one offset bin.
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Figure 6.15: Event energy distributions extracted from IGS and re-scaled extra-galactic observations. More details about the construction of the distributionsare provided in the text. The distributions are shown for the combinations of twooffset angle bins and three zenith angle bins. The energy threshold is shown asthe gray dashed line.
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6.5.2 Background models from run-wise simulations
To build a backgroundmodel from simulations we asked to process run-wise sim-ulations (RWS) on run-by-run basis for the CT1-5 Stereo and CT1-4 Stereo modes,with the same observational conditions, status of the camera and configurationcuts that we used for the observed data analysis. The RWS are produced forthe same observation conditions and telescope configuration as for the observeddata: samemuon efficiency, zenith angle of the observations and NSB level in theFoV of the observed region, are obtained. However, they are produced for whatwould be observed as for true gammas. This sets an important difference becausethe standard data analysis and the background model from extragalactic obser-vations are obtained from the observation of mostly gamma-like events, sincethe background of misidentified cosmic rays dominates the outputs of the obser-vations. As a standard procedure in the H.E.S.S. collaboration, RWS are producedfor true gammas with power-law spectra with indexesmuch harder than the onesmeasured for observations in regions where only background is expected. Thisis done to simulate an artificially very hard spectrum, such to as have sufficientstatistics especially in the highest energy bins. This is another difference to themeasured extragalactic events.To develop a backgroundmodel from RWS events, the latter have to be renor-malized by the radial acceptance expected for gamma-like events. Moreover, an-other renormalization is needed to take into account themuch harder index usedfor the production. At the moment of the writing, we are exploring ways to definethese renormalizations and obtain background models from RWS.
6.5.3 Comparison and application
Both approaches can be used for the construction of background models. Todo so, event energy distributions in the zenith angle bins can be extracted andcompared with the ones obtained from the measured H.E.S.S.-II GC dataset.Events generated by the RWS are produced for all the runs in the 2014-2020dataset, therefore they can be directly compared in terms of livetime even thoughsome renormalization is needed due to the not perfect match in terms of param-eters of the production of the simulations. Also, the RWS are produced with thesame NSB condition as for the real 2014-2020 dataset. Once a recipe is found forthe application of the renormalization for the index of the power-law and the dif-ference in the radial acceptances, distributions of events from RWS can be builtin the same zenith, offset and energy bins used for the construction of distribu-tions from extra-galactic observations. The renormalizations are performed onan event by event basis by choosing the correct zenith, offset and energy bin atwhich the event belongs.At the moment of the writing, we are working to compare measured event en-ergy distributions obtained with the Reflected Background, for the standard anal-

154



ysis that we carried out for the search for the Fermi Bubbles emission, with thesimulated ones, with events generated with the RWS and properly renormalized.The latter have to be renormalized according to the solid angle, used to collectthe events in the distribution obtained with the Reflected Background, the livetime,the difference in the power-laws for the generation of events and the differencein the radial acceptances.

6.6 Conclusions and outlook
The observations of the inner halo of the Milky Way has been a long term key-science project of the H.E.S.S. collaboration. The IGS has been concluded in 2020with observations up to 3.2◦ in Galactic latitudes. We have shown in this chaptera detailed review of the dataset and derived some important results:

• the IGS dataset has been extensively analyzed for the benefit of the analysispresented in this work but also for future usage in the H.E.S.S. Collaboration;
• the IGS dataset provides up to 5 timesmore time-exposure in the inner haloof theMilky Way with respect to previous H.E.S.S. I observations of the sameregion;
• we studied in detail many sources of systematic uncertainties;
• the estimation of the expected 1% gradient in the gamma-like rate is con-nected to the difference in the zenith angles of the observations;
• the typical width of zenith distributions of the observations can be used asa systematic uncertainty;
• some initial developments towards backgroundmodels for H.E.S.S. II obser-vations with extra-galactic observations and run-wise-simulations of the IGSdataset.
More hours have been granted to extend the Survey to negative latitudes, withthe program called the Inner Galaxy Survey South (IGS South). The aim of the nearfuture extended IGS observations is to reach uniformity of the exposure withinseveral degrees around the Galactic Centre in all directions, i.e. not only for pos-itive latitudes. Observations at negative latitudes will increase the still poor pho-ton statistics measured by H.E.S.S. in that region. Moreover, a more extendedexposure will be useful to study deeper the systematic uncertainties in such anextended and complex region at VHE. There will also be the possibility to trainbackground models with more accuracy and larger statistics. Important resultshave been obtained with the 2014-2020 dataset and will be shown in the nextchapters. The search for dark matter in the Milky Way and the search for the
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expected TeV emission of the Fermi Bubbles have been long standing projectsin the H.E.S.S. collaboration. The observations carried out with the IGS programand the usage of the full five-telescope array are fundamental to obtain the mostconstraining limits in the TeV DM particle mass range. VHE observations of the GCregion with IACTs are unique for a thorough study of DMmodels. We present newresults on this in Chap. 8. In addition, the extended exposure provided by the IGSdataset opens the possibility to study the Fermi Bubbles in the region where theyare expected to be harder and brighter. We present the latest results on this inChap. 7. At the time of the writing, the IGS South observations have started andmore results will be available in the forthcoming years. Moreover, this extendeddataset will play an important role in the study of the systematic uncertainties andit will be useful for future CTA datasets. Many dedicated ways of studying the un-certainties can be pursued: we showed some of these in this chapter. Run-wisesimulations of the GC center observations and extra-galactic observations can beused for a thorough investigation. The IGS very-high-energy observations of theGC region are a very important entail from H.E.S.S. and are included as part ofthe H.E.S.S. Legacy Program. These results pave the way to more sensitive ob-servations of the region with the CTA array, which will strengthen the limits onthe results already obtained with H.E.S.S. and probably shed light over many stillunanswered questions on the GC astrophysics.
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Chapter 7

Search for TeV emission at the base
of the Fermi Bubbles
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SummaryThe Fermi Bubbles (FBs) emission has been detected by the Fermi-LAT tele-scope more than a decade ago [163, 352]. Since the emission shows brighter in-tensity at low latitudes and no hint for a cutoff up to 1 TeV in the Fermi spectrum,we searched for the low-latitude FBs emission in the IGS dataset (see Chap. 6).In this chapter, we show the outcome of this search. Sec. 7.1 introduces thefirst results obtained by the Fermi telescope on the FBs emission at GeV ener-gies. In Sec. 7.2, we define the region of interest for the search for the FBs withthe H.E.S.S. IGS dataset. The dataset used for the analysis is briefly describedin Sec. 7.3, together with the method used for the measurement of the back-ground, the energy count distributions and the excess significance of the signal.Performance tests to assess the capability of our statistical framework to recover
159



a fake injected signal in the measured dataset are shown in Sec. 7.4. The energy-differential flux points, in the energy bins where a positive excess larger than 2 σis found, and 95% C.L. upper limits are shown in Sec. 7.5. In the same section, weshow the first derivation on constraints on the parent particle populations thatcan be responsible for the FBs emission. We conclude with Sec. 7.6, bringing alsosome possible outlook for future analyses. At themoment of the writing, the anal-ysis shown in this chapter is being prepared for submission to Naturewithin a fewmonths [140].
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7.1 Introduction

The Fermi Bubbles (FBs) are two large lobe-like structures extending up to about55◦ above and below the Galactic center (GC) that have been detected by the
Fermi-LAT telescope [163, 352]. The high-latitude Bubbles (i.e. at Galactic latitudes
|b| > 10◦) morphology is consistent with a uniform distribution and they show anenergy spectrum∝ E−2 significantly softening above∼ 100 GeV. The explorationof the Bubbles have been performed at other wavelengths too: the microwavehaze [163, 310] or the X-ray features observed at high latitudes [316] or near theGC [311] have been measured.

The characterization of this emission has been tried by applying hadronic andleptonic models. The former requires relativistic protons/electrons injected intothe medium through outflows from the region close to the GC. Both continuousor sporadic injections could have happened in the past. Possible sources for theexplanation of these outflows are the supermassive black hole Sagittarius A∗ [187,367, 92, 53], outflows driven by multiple core-collapse supernovae [371] or starformation near the position of Sgr A∗ [148].
The low-latitude FBs emission, i.e. |b| < 10◦, shows brighter intensity than thehigh-latitude one in the Fermi-LAT spectrum, behaving as ∝ E−2 with no sign ofcutoff and remaining hard up to ∼ 1 TeV [24, 198]. The Fermi-LAT spectrum ofthe Fermi Bubbles is shown for the analysis at |b| > 10◦ and |b| < 10◦ in Fig. 7.1,as extracted from Ref. [24]. Deep observations of the low-latitude FBs at VHE canprovide fundamental insights on the understanding of the origins of the Bubbles.The formation scenario of the Bubbles could be discriminated between AGN-likeburst or star-formation activity close to the GC with VHE observations.

7.2 Defining the region of interest

The definition of the region of interest (ROI) for the search of the low-latitude FBsemission is based on a Fermi-LAT surface brightness spatial template extractedfrom Ref. [198]. The ROI is hereafter also referred to as the ON region. We are lim-iting our analysis to the region of |b| < 5◦ where themaximumof the IGS exposureis located, as it was shown in Sec. 6.2. The template from the Fermi-LAT analysisis shown in Fig. 7.2, in term of surface brightness in units of sr because the totalbrightness has been integrated over the total volume of the sky considered forthe template. To define the ROI, we consider a threshold of 8.5 sr−1 on the tem-plate and take all the pixels of the Fermi template inside as ROI for the search ofFBs emissionwith our dataset. Themeasurement of the background is performedwith the Reflected Backgroundmethod, which is explainedmore in detail later. TheROI defined with this threshold subtends a solid angle of ∆Ω = 1.9×10−3 sr. Thelargest value for the template emission is located at the pixel centered at (l=-1.25◦,
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Figure 7.1: Fermi Bubbles and GC excess spectra extracted from Ref. [24]. The fig-ure shows the various components studied in the Fermi-LAT analysis. The emis-sion measured from the Bubbles in the GeV energy range by the Fermi-LAT ex-periment is shown as blue triangles and cyan stars for |b| > 10◦and |b| < 10◦,respectively.
b=1.75◦), which is well inside the region where the IGS exposure is peaked. Thecontour defining the ROI is shown in Fig. 7.3 as a black dashed line. Contours forother values of the surface brightness on the template are shown as white solidlines. The color scale shows the time exposure of the dataset used for the analysis,with the brightness peak clearly inside the defined ROI.

7.3 Observations and datasets
The analysis for the search of the low-latitude FBs emission is performed with theobservational dataset collected between 2014 and 2020, including the observa-tions during the IGS period. The analysis of the datawas performed in CT1-5 Stereomode for the observations collected in 2014-2019 and in CT1-4 Stereomode for theobservations collected in 2020. This dataset was extensively described in Sec. 6.2.The technique for the selection and reconstruction of gamma-like events has beenalready referenced in Sec. 6.2. At least ten hours of acceptance-corrected expo-sure time was reached up to b ≈ +6◦. We already showed the time-exposure mapin Sec. 6.2.The GC is a complex region, crowded with many astrophysical emitters. Suchan environment includes numerous regions with detected VHE gamma-ray emis-sions [36, 19, 8]. Moreover, the varying night sky background has to be consid-
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Figure 7.2: Surface brightness spatial template of the FBs emission as derivedfrom the Fermi-LAT analysis [198]. The color scale is shown in units of sr−1. Thetemplate emission peaks at the pixel located at (l=-1.25◦, b=1.75◦).
ered when observing the region [11]. The systematic uncertainties affecting thedataset have been studied in detail and extensively described in Sec. 6.4. The ex-clusion regions chosen to avoid leakage of VHE signals in the region used for thesearch for the FBs emission or for the measurement of background are shown inFig. 7.3, superimposed on the time-exposure map of the IGS dataset. The set ofmasks used in the analysis includes the Galactic plane between±0.3◦, the diffuseemission region around the GC [19], sources from Ref. [8], and all VHE gamma-raysources in the field of view. 13masks on sources from the 3FHL Fermi-LAT catalogare added as well [40]. The results that are shown in the chapter have been cross-checked with two independent analyses exploiting the results of an independentcalibration and analysis chain [301].

The acceptance of theH.E.S.S. instrument considered for this analysis is shownin Fig. 7.4. It is built by taking the value of the acceptance for each run k,Aeff,k(Eγ),in the dataset and computing a time averaged acceptance, using the observedtime Tobs,k of each run k. The spatial response of the instrument is taken intoaccount for each run k because the acceptance term depends on the angular dis-tance between the reconstructed event position and the pointing position of therun k. The final acceptance for this analysis is therefore also obtained as an offsetaveraged acceptance, the latter obtained using the offset between each spatialpixel in the H.E.S.S. ROI and the pointing position of each run k. This computation
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Figure 7.3: Time-exposure map of the data collected between 2014 and 2020.The position of the supermassive black hole Sagittarius A∗ is symbolized by theblack star. The region of interest for the search of the FBs emission is shownas the black dashed contours. Other brightness contours (in sr−1) on the Fermi-LAT spatial template are shown as the white lines. The set of masks used in theanalysis is shown as the light-gray shaded area.
is also weighted by the solid angle of each pixel and the solid angle of the ROI.For this analysis, a safe energy threshold is defined by taking the value of theenergy at which the acceptance of the H.E.S.S. instrument reaches 25% of its max-imum value. From this criterion, the safe energy threshold for the low-latitude FBsemission search is fixed to Ethr = 300 GeV.
7.3.1 Measurement of the residual background
For the determination of the residual background in the search for the FBs emis-sion, the Reflected Background method is used. With this method, the measure-ment of the background is performed simultaneously in the same field of view asfor the signal measurement on a run-by-run basis. The OFF region for the mea-surement of background is taken symmetrically to the ON region with respect tothe pointing position, as described in Refs. [20, 13]. Therefore, themeasurementsfrom the OFF regions are performed under the same observational and instru-mental conditions as the ON region. Exclusion regions are removed similarly forthe ON and OFF measurements, which are therefore carried out with the same
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Figure 7.4: Acceptance, as a function of energy, for the FBs analysis with the 2014-2020 dataset. The acceptance is built for the combination of the CT1-5 Stereoand CT1-4 Stereomethods, as a time and offset average over the run acceptances
Aeff,k(Eγ).
solid angle size. This procedure is performed on a run-by-run basis and producesan accurate determination of the residual background. We show two examplesof the measurement of background for the ROI and the pointing position (blackcrosses) 2-6 (l = -0.6◦, b = 2.0◦) and 3-8 (l = 1.8◦, b = 3.2◦) in Fig. 7.5. Photons withoffset from the center of the camera, i.e. the pointing position, larger than 2.5◦ areexcluded from the analysis. This is a safe analysis because the radial acceptanceof the camera in the analysis chain that we used drops significantly after 2.5◦. Thiseffect is visible in the right panel of Fig. 7.5. The expected FBs emission is alwayslarger in the ON region than in the OFF regions. With this method wemeasure theON and OFF event energy count distributions that are shown in the next section.

7.3.2 Energy count distributions and excess significance in the
region of interest

After the spectral and spatial information reconstruction of each event as a gamma-ray like is performed in CT1-5 Stereo or CT1-4 Stereomodes depending on whetherthe event was collected in 2014-2019 or 2020, energy count distributions are built.The distributions for the ON and OFF region, for a ROI threshold of 8.5, are shownin the left panel of Fig. 7.6. The energy threshold defined with the acceptancecriterion previously explained is shown by the gray solid line. The excess signifi-cance is computed for each energy bin above the safe energy thresholds of 300
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Figure 7.5: Measurement of background in Galactic coordinates for pointing po-sitions 2-6 and 3-8 of the IGS (black crosses) and the FBs analysis. ON and OFFregions are shown as the blue and black shaded areas, respectively. The maskedregions are excluded similarly in the ON and OFF regions such that these regionskeep the same solid angle size and acceptance.
GeV, following the statistical approach defined in Ref. [247] and Eq. 4.10. The ex-cess significance values for each energy bin are shown in the right panel of thesame figure. Significance values are not computed for energy bins below the en-ergy thresholds, indeed these are discarded since are dominated by systematicuncertainties and cannot be used for the analysis.A clear positive excess is visible in the first energy bins above the threshold.The integrated value of the significance from all the energy bins above the energythreshold is S = 9.2 σ. The excess significance are also computed for the spatialbins defined for the H.E.S.S. ROI from the Fermi-LAT spatial template, integratedover the spectral bins above the safe energy threshold. The positive excess isvisible for some spatial bins, as shown in Fig. 7.7. The distribution of the excesssignificance is computed and shown in the right panel of the same figure. Themean and RMS values of significance obtained are mean S = 1.7 σ and std S =
2.3 σ.

7.4 Performance tests for fake-signal injection re-
construction

In this section we show performance tests that we carried out in order to assessthe capability of our framework to reconstruct a fake injected signal.The statistical data analysis for the detection of the fake signal is based on
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a log-likelihood-ratio test statistics (TS) which exploits the expected spectral andspatial shapes of the signal against background in energy and spatial bins definedin the H.E.S.S. ROI. For given energy and spatial bins, the likelihood function istaken from Eq. 4.8. In the individual likelihood, the event measured in the ONand OFF regions correspond to the termsNON,ijk andNOFF,ijk, in the spectral andspatial bins i, j and k. We are considering two indices for the spatial bins becauseGalactic longitude and latitude are considered as spatial coordinates here. NB
ijk isthe expected number of background events in theON region. NS

ijk andNS′

ijk are theexpected number of signal events in the ON and in the OFF regions, respectively.
NS

ijk is obtained by folding the expected flux for the assumed emission model bythe energy-dependent acceptance and energy resolution. The total number ofevents in the spatial bins j and k and spectral bin i is computed asNS
ijk+NB

ijk. Theparameter αjk = ∆ΩOFF/∆ΩON is the ratio between the solid angle of the ONregion jk and its corresponding OFF region. Since in this analysis each OFF regionis taken symmetrically to theON regionwith respect to the pointing position,αjk =
1. We use the likelihood framework for the computation of 95%C.L. upper limitson the free parameter that we assume in the model describing the emission. Thetotal likelihood is built either as a product over the energy bins only (1D) or as aproduct over energy and spatial bins in the H.E.S.S. ROI (3D).When the fake emission is injected in the data and no significant excess isfound in the ON region, constraints on the free parameter are obtained from thelog-likelihood ratio TS described in [147] assuming a positive signal. In the highstatistics limit, the TS follows a χ2 distribution with one degree of freedom. Thevalues of the free parameter for which TS = 2.71 correspond to the 95% confi-dence level (C.L.) upper limits.In order to assess the capability to detect a signal from a power-law extrapo-lation in the TeV energy range of the Fermi-LAT spectrum, we define a model forthe searched low-latitude emission of the Fermi Bubbles as a power law with anexponential cut-off:

Φ(E, l, b) = Φ0

(
E

1TeV

)−Γ

exp

(
− E

Ecut

)
× K(l, b)

K(l, b)
; (7.1)

whereΦ0, Γ andEcut are the normalization, spectral index and energy cutoff of themodel. The factor K(b, l) is the normalized surface brightness and accounts forthe spatial dependency of the searched emission as derived in Ref. [40]. Using thisemissionmodel, we compute theNS
ijk termused in Eq. 4.8. Wemake use of the 1Dand 3D statistical methods described previously to compute upper limits on theparameters that constrain the searched emission in Eq. 7.1. In the 3Dmethod weexploit both the morphological and the spectral information in the computation.Assuming adifferent combination of the parameters characterizing the searchedemission model, we make performance tests. One possibility is to test the recon-struction power on the normalization of the searched emission. We choose a
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value Φ0,inj and we create a fake signal ÑS
ijk with the model in Eq. 7.1 and inject itinto the measured background NOFF,ijk to create fake energy count distributionsfor the ON and the OFF regions, i.e. ÑS

ijk+NOFF,ijk and ÑS′

ijk+NOFF,ijk, respectively.With this setup, we run the TS procedure considering the free parameterΦ0,inj and
Γ = 1.9 andEcut = 50 TeV fixed. We obtain 95%C.L. upper limits on the parametertested. The LLRTS profiles for the reconstruction of an injected signal with Φ0,inj= 1.0×10−9 TeV cm−2s−1sr−1 and Ecut = 50 TeV are shown in Fig. 7.8. The twopanels show the cases with different Γ values of the injected signal. The profilesare shown for the two ways of building the total likelihood: from the 1D and 3Dindividual likelihoods. For the injection with Γ = 1.0, almost 3 σ reconstructionis achieved for the 3D likelihood case, which can be seen from the depth of thewell. When the index is fixed to Γ = 2.2, the reconstruction weakens to slightlymore than 2 σ. The results for the reconstruction of some values of the normal-ization Φ0,inj are reported in Tab. 7.1. When injecting Φ0,inj = 3.0×10−9 TeV cm−2

s−1 sr−1, we obtain a sensitivity on the reconstruction power larger than 5 σ. If weset Γ = 2.2, the 1 σ bands weaken by a factor of 5%. As it can be seen from the ta-ble, for injected values of Φ0,inj lower than 1.0×10−9 TeVcm−2 s−1sr−1, we cannotrecover the signal. However, our framework is demonstrated capable of recover-ing signals with normalizations ≤ 1.0×10−9 TeVcm−2s−1sr−1 which is at the levelof the detected signal from the FBs with Fermi-LAT. Tests with the injection of asignal using two free parameters, as for instance (Φ0,inj, Γinj) or (Φ0,inj, Ecut,inj) areperformed. However, no reconstructive power is reached for Γinj or Ecut,inj.
Φ0,inj 1D reco. 3D reco.
1.0× 10−10 < 7.41× 10−10 < 6.61× 10−10

5.0×10−10 < 1.15× 10−9 < 1.10× 10−9

1.0× 10−9 (1.00+0.62
−0.65)× 10−9 (1.00+0.58

−0.61)× 10−9

3.0× 10−9 (3.02+0.61
−0.68)× 10−9 (3.02+0.61

−0.62)× 10−9

Table 7.1: Results for the performance study for injected fake signal in the mea-sured OFF distribution of events. The first column gives the injected value of Φ0 inTeV cm−2 s−1 sr−1. Γ and Ecut are set to 1.9 and 50 TeV, respectively. The secondand third columns provide the reconstruction values of Φ0 in TeVcm−2s−1sr−1 ob-tained with the 1D and 3D methods, respectively.

7.5 Differential flux points and upper limits
The photon statistics collected in the ON and OFF regions and already shownin Fig. 7.6 is re-binned for 0.2 dex spectral bins (i.e. 5 spectral bins for energydecade). Then, the excess significance values are recomputed for this binning.Photon statistics and excess significance as a function of the new energy bins are
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Figure 7.8: LLRTS profiles for the recovery of a fake injected signal with Φ0,inj =1.0×10−9 TeV cm−2 s−1 sr−1 in the OFF distributions obtained in the FBs analysis.The fake signal is computed with Eq. 7.1. The left and right panels show the pro-files for fixed indexes of Γinj = 1.9 and Γinj = 2.2, respectively. Profiles for 1D and3D LLRTS are given as the blue and orange lines, respectively.

shown in Tab. 7.2. The positive excess is now clearly present in the first energybins, with a significance excess of 7.6 σ and 4.5 σ for the first two energy bins.
For the first four energy bins, where we obtain statistical excess significancelarger than 2 σ, we compute energy-differential observed flux points. When theobtained excess significance is lower than 2 σ, energy-differential observed fluxupper limits at 95% C.L. are computed with the method explained in Ref. [326].The current derivation of flux points and flux upper limits includes a systematicuncertainty of 20%, defined as a default conservative choice for all the energybins. Explanations on the study of the systematic uncertainties for this analysisare given later. However, this estimate is not the final one and more studies areongoing to have a more accurate determination of the systematic budget in eachenergy bin. The computation of flux upper limits and points is performed withthe re-binned acceptance defined from the one already presented in Sec. 7.3, thesolid angle of the ROI and the total live time for the dataset.
95%C.L. energy-differential expected flux upper limits are also derived. Thisis done through a set of 100 Poisson realizations of the measured backgroundevents in the OFF distributions for the 0.2 dex energy bins. For each energy bin, aPoisson realization of themeasured background energy count distribution is com-puted independently for the ON and the OFF regions, respectively. For construc-tion, the OFF energy count distribution already includes some of the potential FBssignal. This can be seen from the pixels on the surface brightness template thatare included in theOFF regions and the Eq. 7.1. The normalized surface brightness
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values of the pixels enter the equation.For each realization of the energy count distribution in the ON and in theOFF regions, the corresponding value of the differential flux upper limit is com-puted according to the same method used for the observed flux upper limits andpoints [326]. From the mean, the 1 and 2σ standard deviation of the obtaineddistribution of the expected flux upper limits, the mean expected flux upper lim-its, the 1 and 2σ bands are derived, respectively. The 20% systematic uncertaintyis included in the derivation of the mean expected limits. Systematic uncertaintydominates the mean expected limits and the containment bands over the statis-tical uncertainty.In Fig. 7.9, we show the energy-differential observed flux points and upperlimits together with the mean expected ones and the containment bands. Thepositive excess is visible at low energy right above the energy threshold. Energy-differential flux points from the Fermi-LAT analysis are shown too, as adaptedfrom the analysis in Ref. [198] and re-computed for our ROI. The right panel of thesame figure shows the energy-differential observed flux points and upper limitsderived with the two alternative H.E.S.S. analysis chains [139]. The results with thecross-check analysis chains are in agreement, within the statistical uncertainties,with the lead chain from the energy threshold up to ∼ 2 TeV. Between 2 TeV and
∼ 40 TeV, the cross-check results are either in agreement with the lead observedflux upper limits or with the containment bands. Above 40 TeV, the cross-checkanalyses are in disagreement, however many systematic uncertainties affect theanalyses at these energies and more studies are ongoing to obtain a refined esti-mation.
Emin [TeV] 0.30 0.46 0.71 1.11 1.73 2.70 4.22 6.57 10.25 15.99 24.93 38.89
Emax [TeV] 0.46 0.71 1.11 1.73 2.70 4.22 6.57 10.25 15.99 24.93 38.89 55.49

NON 127618 65962 34806 18230 9571 4913 2742 1557 998 1077 1425 1035NOFF 123800 64077 33905 17744 9466 5033 2669 1513 1039 1106 1416 1108S(σ) 7.6 4.5 3.5 2.6 0.8 -1.2 1.0 0.8 -0.9 -0.6 0.2 -1.6

Table 7.2: For each of the energy bins for the 0.2 dex binning, the photon statisticsand the excess significance are reported. In the first two rows, the minimum andmaximum value enclosing the energy bins are given. The third and the fourthrows show the measured photon statistics in the ON and OFF regions, respec-tively, above the energy threshold. The last row reports the excess significancecomputed with the ON and OFF statistics applying Eq. 4.10.

7.5.1 Deriving the energy cut-off of the parent particle popu-
lations

The high-energy emission measured by Fermi-LAT can be explained by inverse-Compton or pion-decay, depending on the type of injected particles. Injected rel-
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Figure 7.9: Spectral energy distribution in the H.E.S.S. ROI. Energy-differentialobserved flux points and upper limits from the H.E.S.S. analysis are shown ingreen. The positive excess is visible at low energy right above the energy thresh-old. Energy-differential flux points from the Fermi-LAT analysis are shown too,as adapted from the analysis in Ref. [198] and re-computed for our ROI. Theerror bars show the 1 σ statistical uncertainty. The upper limits on the energy-differential flux are computed at 95% C.L. The mean expected energy-differentialflux upper limits (black line) together with the 1 σ (green) and 2 σ (yellow) con-tainment bands are shown. The right panel shows the comparison between theobserved flux points and upper limits obtained with the lead H.E.S.S. analysis andthe two cross-check H.E.S.S. analyses used in this work [139].

ativistic electrons are expected to produce IC gamma-ray emission on the Inter-stellar Soft Radiation Fields (ISRF, see e.g. [314]) and/or CMB.
Photons of hadronic origin are due to decay of neutral pions, produced in in-elastic interaction of injected relativistic protons with the interstellar medium. Fora hadronic model, a single power-law with an index Γp < 2.3 can explain the in-ferred spectrum of CR protons. The relatively hard index means that the CR pro-tons do not escape from a region with an energy dependent diffusion coefficient(unless the injection spectrum is ∝ E−2 and the diffusion coefficientD(E) ∝ E0.3

up to several TeV). Possible scenarii for the explanation of this origin are convec-tive escape, confinement due to magnetic field structures, or a recent burst-likeorigin of the population of CR protons. The population of CRp can be explained
with an energy of ∼ 7 × 1052

(
1 cm−3

np

) erg, where np is the average gas density
near the GC. Explaining this amount of energy with SNRs, would require about700 of the latter (assuming no escape, on average 1050 erg in CRp per SNR - 1051
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erg kinetic energy and 10% proton acceleration efficiency). The escape time for6 TeV protons is about 100 kyr, considering a diffusion coefficient similar to thelocal one, with a value of D ≈ 10−26 cm2s−1.
Leptonic scenarii would require an electron spectrum with an index of Γe =

2.8 ± 0.1. Above 1 GeV, the required energy in CRe is ∼ 3 × 1051 erg, which canbe produced by 3000 SNe (assuming 0.1% electron acceleration efficiency). Thisevaluation is up to a factor 10 uncertain due to uncertainties in the ISRF near theGC and the spectrum of electrons at low energies. Constraints on CRe from thegamma-ray data is valid only above∼ 10GeV, consequently, the energy density ofelectrons can be up to a factor 10 smaller, if it is dominated by electrons around10 GeV. The diffusive escape time and the cooling time for 3 TeV electrons (95%lower bound on exponential cutoff based on Fermi-LAT data) are both around200 kyr. The electron spectrum is consistent with an injection spectrum∝ E−2 orsofter plus diffusion softening, i.e., it can be produced by a stationary source ofCRe, provided that the diffusion escape time is shorter than the cooling time forelectrons up to ∼ 3 TeV.
For the joint analysis of Fermi-LAT andH.E.S.S. data, we reprocess Fermi-LAT re-sults for energies > 10 GeV from Ref. [198] including more years of data takenfrom the LAT satellite. More detail about the inclusion of the Fermi-LAT datasetare given in Ref. [140], which is in preparation at the moment of the writing of thisthesis. The spatial template for the Fermi Bubbles we are using was producedwith data fromRef. [198], for energies of 1-10GeV. During the analysis we performjoint fit of Fermi-LAT and H.E.S.S. photon data with exponential cutoff spectra forsimple one-zone leptonic and hadronic models.
In the leptonic scenario, an exponential cutoff distribution of electrons produc-ing inverse Compton emission on the Interstellar Radiation field photons charac-teristic for the regions close to the GC [314] (R = 0 kpc model) is assumed. In thehadronic scenario, the pp emission is assumed to be produced in the regions ofcharacteristic density n = 1 cm−3, outside the CMZ. Corresponding photon spec-tra produced by the described populations of electrons/protons were calculatedusing naima code v.0.9.1 [368, 231, 224]. In all cases, the normalization, power-lawslope and energy cut-off are considered to be free parameters.
We can compute a joint fit with Fermi-LAT and H.E.S.S. analysis to obtain con-straints on the exponential cut-off of the tested spectra. However, systematicuncertainties affect both the Fermi-LAT analysis and the H.E.S.S. analysis above∼1-2 TeV. Nevertheless, for the H.E.S.S. analysis, flux points are derived also in theenergy bins above 2 TeV and used to compute the joint fit. For this derivation,the systematic uncertainty in each energy bin for the two analyses is obtained asthe standard deviation between the different models. As an example of the mod-els, in Fig. 7.9, we have shown two cross check models for the H.E.S.S. analysis.For both Fermi-LAT and H.E.S.S. analyses, different models are used to estimatethe systematic uncertainty per energy bin. More detail about the derivation are
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given in Ref. [140]. Fig. 7.10 shows the flux points and upper limits from the twoanalyses used for the spectral fit. The error bars are obtained through the sum inquadrature of systematic and statistical uncertainties.The result of the fit with an exponential cutoff power law is shown as well. Val-ues of the energy cutoffs for the three models are derived as Ecut,photons = 0.7+∞
−0.6TeV for an agnostic derivation of the photon spectrum, Ecut,electrons = 3.2+∞

−3.0 TeVin case of leptonic scenario, and of Ecut,protons = 7.9+∞
−7.4 TeV in the case of thehadronic origin of the emission. The results of the fit are not conclusive and thebest fit for the energy cutoffs of the threemodels cannot be recovered at 2 σ level.Power-law indices for the three models are recovered at 2 σ level as Γphotons = 2.1for the photon spectrum, Γelectrons = 2.6 in case of leptonic scenario, Γprotons = 2.1for hadronic emission. The threemodels for exponential cutoff power law and thebest fit indices and energy cutoff values are shown in Fig. 7.10. Since the energycutoffs are not recovered we compute the reduced∆χ2 between tests with expo-nential cutoff power laws and simple power laws for the three models, definedas ∆χ2 = χ2

pl − χ2
cutoff−pl. The difference in degrees of freedom is obtained con-sidering the degrees of freedom necessary for the two computations. We obtain

∆χ2
photons = 6.1, ∆χ2

electrons = 3.4 and ∆χ2
protons = 4.9. The fit with a simple powerlaw seems to be preferred for all the three models, however since the estimationof the systematic uncertainties is not yet settled this may not be the final resultsand more detail are given in Ref. [140]. Therefore, we can obtain constraints onthe parent particle populations in formof lower limits on the energy cut-off. More-over, the indeces of the power laws describing the models are recovered at 2 σ.We present in the following sections some of the computations performed for thederivation of the systematic uncertainties.

7.5.2 Systematic uncertainties
In this section we show in detail the study performed for the determination of thesystematic uncertainty affecting the analysis for the search for the low-latitudeFBs emission.
Background measurement uncertainty

As it was already explained in Sec. 6.4, the possible correlation between the NSBand the gamma-like rate in the FoV of the IGS dataset was investigated. No sig-nificant correlation is observed between the NSB and the rate in the ROI for thesearch for the FBs emission, therefore no correction is applied for this source ofsystematics.The azimuthal symmetry of the trigger of events in the camera pixels was in-vestigated too, as explained in Sec. 6.4. No significant effect was observed beyondthe expected 1%-per-degree gradient in the FoV due to the correlation between
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Figure 7.10: Spectral energy distribution in the H.E.S.S. ROI. Energy-differentialobserved flux points and upper limits from the H.E.S.S. analysis are shown ingreen. The positive excess is visible at low energy right above the energy thresh-old. Energy-differential flux points from the Fermi-LAT analysis are shown too, asadapted from the analysis in Ref. [198], re-computed for our ROI and with the ad-dition of more years of observations with the LAT satellite [140]. The error barsshows the sum in quadrature of 1σ statistical and systematic uncertainties. Theupper limits on the energy-differential flux are computed at 95% C.L. The best fitgamma-ray models to Fermi-LAT(> 10 GeV) and H.E.S.S. datasets assuming an ex-ponential cutoff power law spectra for the injected electrons (blue) and protons(red) are shown.

the gamma-like rate and the gradient in the zenith angle values at which the ob-servational runs are carried out. No correction is applied for this source of sys-tematics.
A gradient of 1% is expected in the gamma-like rate across the FoV due to dif-ferent zenith angles at which the observations are performed. As explained indetail in Sec. 6.4, we expect different zenith angles for events measured in the ONand the reflected OFF regions. We then build distributions of zenith angles on arun-by-run basis. Themaximum difference between themean values of θz,ON and

θz,OFF distributions is 1◦-2◦. Then the ON and OFF energy count distributions arerenormalized as previously explained (see Sec. 6.4). However, the typical width ofthe zenith distributions is between 1◦ and 3◦ for the FBs analysis. The estimate of
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the systematic uncertainty is then 3%. The systematic uncertainty on the normal-ization of the background can be propagated in the analysis in order to quantifythe effect on the differential flux upper limits. For completeness, we show a cou-ple of zenith angle distributions for the FBs analysis in Fig. 7.11. For pointing 3-7,the mean and RMS of the ON and OFF distributions are θ̄z,ON = (24.2 ± 1.9)◦and
θ̄z,OFF = (24.1 ± 1.9)◦. For pointing 2-5, the mean and RMS of the ON and OFFdistributions are θ̄z,ON = (27.1± 1.8)◦, θ̄z,OFF = (27.0± 1.8)◦, respectively.

Figure 7.11: Zenith angle distributions for two pointing positions of the IGSdataset, for the FBs analysis. The distributions are built with the zenith angle val-ues of events for one run for eachpointing position. The red andblue distributionsare for the ON and OFF regions, respectively. The means of the distributions aregiven by the solid lines of the same colors.

Subset of the IGS dataset

The analyses for the search for the low-latitude FBs emission has been cross-checked by two different analysis chains. For these, the whole dataset of theobservational runs in the IGS was not available. They were therefore performedwith two different subsets of it [139]. It is beyond the scope of this work to dis-cuss in detail these two analyses, however we cross-check that the main analy-sis would produce the same results if carried out with these two subsets. Theanalysis is then computed again with the same method for the measurement ofbackground, the same definition of the ROI by keeping the same threshold. Theenergy-differential observed flux upper limits are computed at 95% C.L with thesame procedure. The results are shown in Fig. 7.12 for the two subsets. The pos-itive excess in the first four energy bins is still clearly visible. Above 2 TeV there isan important level of uncertainty between the three analysis that will be discussedin more detail in the following.
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Figure 7.13: Spectral energy distribution in the H.E.S.S. ROI. Energy-differentialobserved flux upper limits from the H.E.S.S. analysis are shown for different defi-nitions of the H.E.S.S. ROI, by changing the threshold used on the Fermi-LAT spa-tial template. The positive excess is visible at low energy right above the energythreshold for all the four threshold definitions. Standard analysis flux upper limitsand points are shown in green. Upper limits and points computedwith thresholdsof 7, 8 and 9 are shown in blue, black and yellow, respectively.
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Spatial template uncertainty

We test the uncertainty on the definition of the Fermi-LAT spatial template and thechoice of the threshold for the ROI for the H.E.S.S. analysis with the tests shownin this section.We first perform again the analysis changing the ROI by defining other threethresholds on the spatial template. We choose 7, 8 and 9. The analysis is carriedout again with the same background measurement method. The energy countdistributions are built and the excess significance versus energy bins are com-puted above the energy threshold. For the three alternative thresholds, we obtainintegrated significance of S = 8.8 σ, 9.5 σ and 9.1 σ, respectively. The positive ex-cess in the first four energy bins, after the re-binning for 0.2 dex, is still present forthe three cases, confirming what we showed in the previous sections. We showin Fig. 7.13, the energy-differential observed flux upper limits obtained with thethree thresholds compared to the standard one. The procedure for the compu-tation of the flux upper limits is the same as defined above. The positive excessis clearly visible in the first four energy bins, confirming the emission seen by theH.E.S.S. analysis. However, above 2 TeV, the difference between the differentthresholds definition is much larger and for some energy bins there is up to a fac-tor 10 difference, clearly implying that further systematics studies are needed forthe highest energy bins.We smooth the Fermi-LAT spatial template by convolving it with aGaussian ker-nel with 0.5◦ and 1◦ width. With these two setups, we perform the analysis againand we derive excess significance for the energy bins above the energy threshold.Integrated significance of S = −1.0 σ and −2.7 σ are obtained, respectively. Theexcess significance computed for the energy bins above the energy threshold forthe two cases just mentioned are shown in Fig. 7.14.We then shift the ROI for two cases: (i) by 1◦ towards more negative Galacticlongitude and (ii) by 1◦ towardsmore positive Galactic latitudes. Weperformagainthe analysis with these two setups and the positive excess at low energies abovethe threshold is no more present and integrated significance of S = 2.5 σ and
2.8 σ are obtained, respectively. The excess significance computed for the energybins above the energy threshold for the two cases just mentioned are shown inFig. 7.14 in the bottom panels. The fluctuations of significance over the energybins are compatible with zero.Another test consists in reflecting the ROIwith respect to the axis of 0◦ in Galac-tic longitudes. In this way the ROI is located in a region where a much smallersignal is expected from the Fermi-LAT spatial template. However, to perform thistest we restrict the ROI considering only pixels with surface brightness larger than9 in the Fermi-LAT spatial template. This is done in order to avoid that any pixelfalling in the initial ROI is also inside the reflected one. With this setup the analy-sis is performed again and an integrated significance above the energy thresholdof S = 1.1 σ is obtained. In Fig. 7.15, we show the excess significance computed
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Figure 7.14: Top panels: Excess significance computed for the energy bins abovethe energy threshold for two cases ofmodification of the ROI: the ROI is smoothedby the convolution of the spatial template with a Gaussian kernel with 0.5◦ and1◦ width. The left panel shows the first case, the right one the second case. Bot-
tom panels: Excess significance computed for the energy bins above the energythreshold for two cases of modification of the ROI: the ROI is shifted by 1◦ to-wards more negative Galactic longitude and by 1◦ towards more positive Galacticlatitudes. The left panel shows the first case, the right one the second case. Theblack line shows the energy threshold.

for the energy bins above the energy threshold, using 9 as the threshold on thespatial template. The left panel of the figure shows the result for the analysis withthe original ROI, while the right one shows the results for the ROI reflected wrtthe axis of 0◦ in Galactic longitudes. In the second case, the positive excess at lowenergies above the threshold is no more present. We can use this computationfor a derivation of the limit of systematics affecting our analysis.
In Fig. 7.16, we show the energy-differential observed flux upper limits andpoints computedwith the standard procedure defined so far for the analysis using
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Figure 7.15: Excess significance computed for the energy bins above the energythreshold for one case of modification of the ROI: the ROI is reflected with respectto the axis of 0◦ in Galactic longitudes. For this test, a threshold of 9 is used on thespatial template for the definition of the ROI. The left panel shows the significancein energy bins for the original ROI defined with threshold 9. The right panel showsthe significance in energy bins for the reflected ROI defined with threshold 9. Theblack line shows the energy threshold.
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9 as the threshold on the spatial template for the ROI. The latter are shown asyellow points. The results for the analysis with the reflected ROI are shown assystematic level by a yellow shaded area. For energy bins larger than 1-2 TeV thesystematic level becomes very important, implying that we need to include themin the final derivation of the FBs spectrum from the H.E.S.S. analysis.

7.6 Conclusions and outlook
In this analysis, the latest results on the search for the low-latitude FBs emission atTeV energies with the H.E.S.S. telescopes have been shown. The used IGS datasetconsists of a total 546 h of live time, collected over 6 years of observations withthe H.E.S.S. five-telescopes array. The main conclusions are:

• the used H.E.S.S. II dataset provides high exposure in the region where thelow-latitude FBs emission is expected with the best sensitivity possible thatcan be reached with the H.E.S.S. array;
• a significant excess is found in the energy range from 300 GeV up to ∼ 2TeV and energy-differential flux points are computed for energy bins wherea significant excess above 2 σ is obtained;
• The FBs emission is detected for the four energy bins between 0.3 TeV up to1.7 TeV as 3.7×10−9, 1.8×10−9, 1.3×10−9 and 8.8×10−10 TeV cm−2 s−1 sr−1

with a total significance of 9.2 σ above 300 GeV;
• for higher energies, 95% C.L. energy-differential flux upper limits are com-puted;
• this analysis highlights the capability of pointed observations with the cur-rent generation of IACTs to constrain the FBs emission;
• an agnostic derivation of the photon spectrumandhadronic/leptonic parentparticle population spectra can be constrained;
• many systematic uncertainties affect the analysis for energies higher than2 TeV and further studies are ongoing;
• nevertheless, a first inclusion of the systematic uncertainties in the Fermi-LAT and H.E.S.S. analyses has been shown and used for the derivation oflower limits on the energy cutoffs for the tested models;
• the joint fit on Fermi-LAT and H.E.S.S. analyses seems to prefer a simplepower law over an exponential cutoff power law for the testedmodels, how-ever this is not yet the final estimation due to other possible sources of sys-tematics.
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The several systematic uncertainties affecting the analyses have been stud-ied and further work to include them in the final limits is ongoing to derive thetotal systematic budget and include it in a more accurate description of the FBsspectrum at energies above 2 TeV. One possibility has been shown and used toobtain lower limits on the energy cutoff for exponential cutoff power laws. Thisreflects on the derivation of the lower limits of the energy cutoff of leptonic andhadronic parent particle populations for the FBs emission. Moreover, the back-groundmodels that are currently in development, as we explained in Sec. 6.5, canbe used as alternative estimation of the residual background for the computationof the flux points and upper limits on the FBs emission. The spectrum between2 and 10 TeV needs a dedicated study because a possible excess is seen in thetwo cross-check analysis chains shown in this work. Possible future observationsof the region with CTA could improve the description of the FBs spectrum giventhe better energy and angular resolutions. At the time of the writing, these stepsare in preparation and a publication of the final results is foreseen in a scientificjournal. Preliminary results on the FBs analysis have been published in Ref. [286].At themoment of the writing, the article is in preparation for submission toNaturewithin a few months [140].
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Chapter 8

Dark Matter search with the Inner
Galaxy Survey
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SummaryIn this chapterwepresent a novel search for gamma-rays fromself-annihilatingWIMPs in theGC regionwith theH.E.S.S. IGS observations (see Chap. 6). In Sec. 8.1,we provide some perspective byt showing a comparison of the current limits onthe ⟨σv⟩ of DM particles. Sec. 8.2 shows the excess and significance sky maps
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obtained from the dataset, explains the procedures for the ROI definition for thesearch of DM, the choice of excluded regions in the FoV and the measurementof the residual background. Then, we show energy count distributions and weuse them for the computation of the excess significance. We introduce how theexpected signal from dark matter would look like, comparing it with the observedcount distributions. In Sec. 8.3, we show the derivation of upper limits on thefree parameters, since no excess compatible with DM is observed. The resultsare shown and compared with other experiments and with the results obtainedwhen assuming different DM distribution profiles. In Sec. 8.4, we discuss the im-pact of the systematic uncertainties on the limits. We conclude in Sec. 8.5 withsome outlook. This work has been published in Physical Review Letters [7].
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8.1 Introduction
As introduced in Chap. 3, WIMPs, particles with mass and coupling strength at theelectroweak scale, are among the most promising dark matter candidates. Theinner halo of the Milky Way is expected to be the brightest source of gamma-raysignal from self-annihilating DM particles. To provide some perspective, Fig. 8.1shows themain limits on the ⟨σv⟩ of DM particles annihilating in theW+W− chan-nel, assuming theDMdensity profile of theGC region following the Einasto param-eterization. Previous limits obtained with the H.E.S.S. analysis of the 2004-2013dataset of observations of the GC are displayed [244] together with limits fromprospects of observations of the GC region with CTA [22]. For comparison withother instruments, limits from GC observations with HAWC [17] and with Fermi-LAT [24] are provided too.

Figure 8.1: Comparison of upper limits on ⟨σv⟩ for DM particles annihilating intheW+W− channel. Previous limits from H.E.S.S. observations of the GC [13] areshown as the orange line. The limits from GC observations with HAWC [17] areshown as the purple line. The limits, for the bb̄ channel, from the observationsof the GC region with the Fermi satellite are shown as the violet line [24]. Limitsfrom prospects of observations of the GC region with CTA are shown as the blackdashed line [22].

8.2 Observations and dataset
The analysis for the search of DM annihilation signals from the GC region is per-formed with the observational dataset collected between 2014 and 2020, includ-
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ing the observations during the IGS period. The reconstruction of the events wasperformed in CT1-5 Stereomode for the observations collected in 2014-2019 andin CT1-4 Stereomode for the observations collected in 2020. This dataset was ex-tensively described in Sec. 6.2. The technique for the selection and reconstructionof gamma-like events has been already referenced in Sec. 6.2. At least ten hoursof acceptance-corrected exposure time was reached up to b ≈ +6◦. We alreadyshowed the time-exposure map in Sec. 6.2. We report it again in Fig. 8.2 to showthe definition of the region of interest for our analysis.
Many astrophysical emitters populate the complex GC region. Such an en-vironment includes numerous regions with detected VHE gamma-ray emissions[36, 19, 8]. Moreover, the varying night sky backgroundhas to be consideredwhenobserving the region [11]. The systematic uncertainties affecting the dataset havebeen studied in detail in Sec. 6.4. When searching for the DM signals, we defineexclusion regions to avoid leakage of VHE signals in the region of interest or theregion for the measurement of background. The exclusion regions used for thisanalysis are shown in Fig. 8.2. The set of masks includes the Galactic plane be-tween±0.3◦, the diffuse emission region around theGC [19], sources fromRef. [8],and all VHE gamma-ray sources in the field of view. As a standard procedure, forH.E.S.S. point-like sources a circular mask of 0.25◦ is used to avoid leakage. This ischosen to bemore conservative than the H.E.S.S. PSF of 0.06° at 68% containmentradius. For instance, for the extended source HESS J1745-303, a conservative cir-cularmask of 0.9° radius is applied. The results that are shown in the chapter havebeen cross-checked with an independent calibration and analysis chain [301].
From the convolution of the time exposure map with the acceptance of theinstrument, we can obtain the exposure map of the present dataset. The accep-tance versus energy, averaged over all the runs for the ROI, is shown in Fig. 8.3.The former is built considering the value ofAeff,k(Eγ) for each run k in the dataset.The final distribution is computed as a time averaged acceptance, using the ob-served time Tobs,k of each run k. The spatial response of the instrument is takeninto account for each run k because the acceptance term depends on the angu-lar distance between the reconstructed event position and the pointing positionof the run k. For this analysis, a safe energy threshold is defined by taking thevalue of the energy at which the acceptance of the H.E.S.S. instrument reaches20% of its maximum value. From this criterion, the safe energy threshold for theDM search analysis is fixed to Ethr = 200 GeV.
The exposure map for the 2014-2020 dataset is shown in the left panel ofFig. 8.4. To compare the present results with the previous analysis of the GC re-gion [244], we also show a zoomed view of the exposuremap of the inner degreesaround Sagittarius A∗. The exposuremap of the observations of theGC region car-ried out between 2004 and 2013 is also shown. This was obtained by convolvingthe time exposure map of that dataset with the acceptance for the configurationof the H.E.S.S. instrument applied for those observations. For the present dataset,
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about 5 times more exposure is available. This is due to the larger observationaltime and the improved sensitivity of the full five-telescopes H.E.S.S. array.

Figure 8.2: Time exposure map of the data collected between 2014 and 2020. Theposition of the supermassive black hole Sagittarius A∗ is symbolized by the blacktriangle. The region of interest for the search of DM signals is shown as the purplerings. The 25 annuli of width of 0.1◦, centered on the nominal GC position, spaninner radii from 0.5◦ to 2.9◦. The exclusion regions used to avoid contaminationfrom astrophysical background in the dataset are depicted as the gray-shadedarea.

8.2.1 Excess and Significance sky maps
Standard gamma-ray excess and significance maps for the full five-telescopes ar-ray are produced for the 2014-2020 observational dataset using the Ring Back-
ground method. These have been already shown in Sec. 6.2. Here, we show themapswith the application of the standard exclusion regions from theH.E.S.S. database.No significant excess is observed anywhere in the FoV, shown on the significancemap with excluded regions, except for an hotspot visible at (l, b) = (2.9◦, 4.0◦).The former is covered with a mask during the analysis for DM search. Specificbackground measurements and ROIs are defined for the DM search analysis, asit is explained in Sec. 8.2.3. The excess and significance maps, as well as the sig-nificance distribution obtained with the photon counts used for the significancemap, are shown in Fig. 8.5. No source is detected in the sky outside the masks.The right panel of Fig. 8.5 shows the Significance distribution obtained with the
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Figure 8.3: Averaged acceptance, as function of energy, for the DM analysis withthe 2014-2020 dataset. The acceptance is built for the combination of the CT1-5
Stereo and CT1-4 Stereo reconstruction modes. See more details in Sec. 2.6 and inthe main text.
photon counts used for the production of the significance map. The distributionis fitted with a Gaussian function. Since the VHE sources have been masked, theSignificance distribution is well contained inside the Gaussian fit.
8.2.2 Definition of the region of interest and exclusion regions
The region for the search of DM signals is defined as the ROI, which is referredto as the ON region. The expected DM density profile adopted and the distribu-tion of the pointing positions in the sky, which determined the photon statisticsavailable for the analysis, are the main reasons for the definition of the ROI. Asignificant event statistics is obtained up to about 6◦ above the Galactic plane.This dataset was used for the search of the FBs at low latitudes, as presented inChap 7. The same exposure was used to look for a different emission becausethe spatial morphologies of the FBs and the expected DM signal are very distin-guishable, at least for the assumed DM models in this Chapter. In this analysis,we adopt the Einasto [341] DM density profile to describe the DM distribution forannihilating WIMPs. The expected distribution of DM peaks close to the GC. TheDM distribution adopted for this analysis, described by the J -factor (see Sec. 3.5),is shown in Fig. 8.6. The color scale indicates the value of the J-factor computed
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Figure 8.4: Exposure maps (in m2s) of the observational datasets of the GC regionfor the H.E.S.S.-II and H.E.S.S.-I [244] phases. The position of the supermassiveblack hole Sagittarius A∗ is symbolized by the black triangle. Left panel: Full expo-sure map for the H.E.S.S. II observational dataset used in this work. The regionsof interest for DM search are overlaid as solid purple lines. The exclusion regionsused to avoid contamination from astrophysical background in the dataset aredepicted as the gray-shaded area. Middle panel: Zoomed view of the exposuremap obtained for the H.E.S.S.-II observational dataset. Right panel: Exposure mapof the GC region for the H.E.S.S.-I observational dataset as used in Ref. [244].

Figure 8.5: Gamma-ray excess map (left panel), significance map (middle panel)and significance distribution (right panel) for the IGS dataset, obtained with the
Ring Background technique. On the maps, standard exclusion regions from theH.E.S.S. database are shown as zones of zero values of significance and excess.An hotspot is visible at (l, b) = (2.9◦, 4.0◦) in the significance map with excludedregions and is covered with a mask during the analysis.

for the Einasto profile in the pixel size of 0.02◦×0.02◦. Given the expected spatialdistribution of DM, the ROI is defined as a disk centered on the nominal GC po-sition with a radius of 3◦. In order to exploit the expected spatial morphology ofthe DM signals with respect to the residual background, the disk is divided into
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25 ROIs defined as rings of inner radii from 0.5◦ to 2.9◦. The width of each ring isfixed to 0.1◦. The rings are shown in Fig. 8.2.

Figure 8.6: Map describing the J -factor values for the Einasto profile in Galacticcoordinates. The integration of the J -factor is performed in pixels of 0.02◦×0.02◦size. The set of masks applied in the analysis to avoid astrophysical backgroundcontamination from the VHE sources in the ROIs is given by the gray-shaded area.The supermassive black hole Sagittarius A* position corresponds to the black tri-angle.

8.2.3 Measurement of the residual background
For the determination of the residual background in the search of DM, the Re-
flected Backgroundmethod is applied (we already explained themethod in Sec. 7.3).The measurement of the background is performed simultaneously in the samefield of view as for the signals measurement on a run-by-run basis. The OFF re-gion, for the measurement of background, is taken symmetrically to the ON onewith respect to the pointing position, as described in Refs. [20, 13]. Therefore,the measurements from the OFF regions are performed under the same obser-vational and instrumental conditions as the ON. Exclusion regions are removedsimilarly for the ON and OFF measurements, which are therefore carried out withthe same solid angle size. This procedure is performed on a run-by-run basis andproduces an accurate determination of the residual background. An example ofmeasurement of background for the ROIs 7, 13 and 25 and the pointing positions
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(black crosses) 2-5 (l = -1.8◦, b = 2.0◦) and 3-7 (l = 0.8◦, b = 3.2◦), respectively, isshown in Fig. 8.7. The exclusion regions are subtracted similarly in the ON andOFF regions such that the same solid angle size and acceptance are kept. Thecolor scale indicates the same J -factor distribution which is shown in Fig. 8.6. Asignificant expected DM excess signals in the ON region with respect to the OFFis maintained, as it can be recovered from the ratios between the J -factor valuesin ON and OFF regions from the Figure. For ROI 13, with respect to the pointingpositions 3-7 and 2-5, the ratios between the J -factor in the ON and OFF regionsare 5 and 4, respectively.

Figure 8.7: Measurement of background in Galactic coordinates for two differentpointing positions of the IGS (black crosses). J-factor values are displayed for theROIs 7, 13 and 25, respectively, together with those obtained in the correspondingOFF regions. Themasked regions are excluded similarly in theONandOFF regionssuch that they keep the same solid angle size and acceptance. The supermassiveblack hole Sagittarius A* position corresponds to the black triangle.

8.2.4 Energy count distributions
After its spectral and spatial information reconstruction as a gamma-ray like event,each event is collected depending on the ring of the ROI in which it was observed.For each ring of the defined ROI, event distributions are built as a function ofenergy. The distributions are shown in Fig. 8.8 for the ON and the OFF regions,respectively. The number of events is shown as the color scale, as a function of
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the ROI rings, which are numbered on the Y-axis, and of reconstructed energyin TeV on the X-axis. The photon statistics in the ON and OFF regions, which wasused to build the energy count distributions, for each ring of the ROI as well as theexcess significance are provided in Tab. 8.1. Photon statistics and excess signifi-cance are reported for energy bins above the safe energy thresholds of 200 GeV.The excess significance is derived with Eq. 4.10. The energy-differential spectra,obtained from the event energy distributions in the ON and OFF regions for someof the ROI rings and for the combination of all of them, are shown in Fig. 8.9. Thespectra shown are chosen for ROIs such that both the inner annulii of the regionand the outer ones are represented. No significant excess is found in any of theROIs. However, we explain more about the search for an excess in energy bandsin the next section.
ith ROI 1 2 3 4 5 6 7 8 9 10 11 12
NON 326 1830 3029 4736 6793 9144 12036 15201 16830 19530 23549 25585NOFF 298 1674 3087 4665 6699 9164 11899 15177 17242 19721 23270 25568S(σ) 1.1 2.6 -0.7 0.7 0.8 -0.2 0.9 0.1 -2.2 -0.9 1.3 0.1
13 14 15 16 17 18 19 20 21 22 23 24 2527571 29875 32328 35094 37292 39957 42540 42460 42282 42317 42653 43188 4287927673 29945 32518 34774 37502 40159 42775 42939 42415 42509 42896 43011 43373-0.4 -0.3 -0.8 1.2 -0.8 -0.7 -0.8 -1.6 -0.5 -0.7 -0.8 0.6 -1.7

Table 8.1: For each of the 25 ROIs, the photon statistics and the excess signifi-cance are reported. In the first row, the ROI number is given. The second andthe third rows show the measured photon statistics in the ON and OFF regions,respectively, over the energy threshold. The fourth row reports the excess signif-icance computed with the ON and OFF statistics applying Eq. 4.10.

8.2.5 Search for a gamma-ray excess
The search for a significant DM signals is performed with the comparison of theON and OFF event energy distribution. The comparison is performed for eachring and the excess significance is derived using Eq. 4.10. The excess significance,in terms of σ, is reported in the third row, for each ROI, of Tab. 8.1. Significancemaps for the ROI are also computed. The overall statistics in the ON and OFF re-gion is divided in three energy bands such that comparable photon statistics ispresent in each one. For each energy band, a map with the value of significanceobtained in each ring of the ROI is built. The maps are shown in Fig. 8.10. Thesignificance values show no significant dependency in the first two energy bands.In the high energy band, an overall significant gamma-ray excess is found, with aformal total significance of 5.7 σ above the energy threshold. This correspondsto the p-value of 1.1×10−8. This highlights an unaccounted background signal.However, the spatial and spectral morphologies of the latter are not compatible
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Figure 8.8: ON (left) and OFF (right) energy count distributions as a function ofenergy and ring of the ROI where the gamma-ray like events are measured.

Figure 8.9: Energy-differential spectra obtained for ON (black lines) and OFF (redlines) regions for ROI 16, 17 and 18, respectively, in the first three panels. Theenergy-differential spectra for the ON and OFF regions of the combination of allthe ROI rings are shown in the last panel.
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with the ones expected from the specific searched DMmodel1. Nevertheless, themeasured excess events, which enter the computations in our analysis, includethis additional contribution. This produces conservative constraints since we finda positive observed excess. Therefore, the analysis is conservative as long as noexpected signals from DM is detected. For some combinations, the backgroundsubtracted energy-differential spectra are shown in Fig. 8.11. The 1σ error barsare shown for each energy bin as well. For the different combinations, the spec-tra are compatible with zero within the 2σ error bars, at each energy value. Nospectral distortion is therefore seen in any of the combinations.

Figure 8.10: Significance maps for the ROI rings computed in three energy bands.The set of masks used in the analysis is shown as the gray-shaded area. The su-permassive black hole Sagittarius A* position corresponds to the black triangle.

8.2.6 Expected signals from dark matter annihilation
The energy-differential annihilation spectrum in the W+W− channel convolvedwith the H.E.S.S. acceptance used in this analysis and energy resolution expectedfor the self-annihilation of DM with mass mDM = 0.98 TeV2 and ⟨σv⟩ = 3.8×10−26

cm3s−1 is shown in Fig. 8.12. It is shown for individual ROIs as well as for the com-bination of all ROIs. Energy-differential spectra for the corresponding ON andOFFregions, convolved with the H.E.S.S. acceptance and energy resolution, are over-laid. The spectra for the ON and OFF regions show an increase after the break ataround 10 TeV. This is due to the population of events reconstructed with only thefour small telescopes, which are more sensitive at larger energies. The expectednumber of photons for two self-annihilating DM particles can be computed, for afixed DM particle mass and annihilation channel. We can compute the expectednumber of photons from annihilating DM with the energy differential flux per
1Alternative DM models may explain the found excess.2This value is obtained from the energy bins of the acceptance Aeff(E), which are obtained asa consequence of the energy resolution of H.E.S.S. which determines the spectral binning of theinstrument response functions.
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Figure 8.11: Background-subtracted energy-differential spectra in E2, convolvedwith the H.E.S.S. acceptance Aeff(E). 1σ error bars are shown too. Different com-binations including all the ROIs are shown.

199



spectral and spatial bin that we defined in Eq. 3.12. To do so, we need to includethe characteristics of the instrument, like the IRFs, the effective area and the en-ergy resolution and the observational live time. The expected number of photonsfrom annihilating DM is computed asNS, by summing theNSk over all the runs k.The finite energy resolution of the H.E.S.S. telescopes is included via the convo-lution of the spectrum with a Gaussian of σ/E of 10% above 200 GeV [153]. Theenergy resolution is expressed by R(Eγ, E
′
γ), relating the energy detected E ′

γ tothe true energy Eγ of the events. To obtain the expected number of photons wethen include the J-factor J(∆Ω), for a ROI of solid angle ∆Ω, the energy depen-dent acceptance of the instrument Aeff,k(Eγ) for the run k and the observationallive time of the run k, Tobs,k. For each run, the information about the spatial re-sponse of the instrument is contained in the acceptance, which depends on theangular distance between the reconstructed event position and the pointing po-sition of the run k. Then, for self-annihilating Majorana DM particles of massmDMin the channels f , with differential spectra dN f
γ /dEγ of branching ratios BRf andwith a thermally-averaged annihilation cross section ⟨σv⟩, NSk is given by:

NSk(⟨σv⟩) = ⟨σv⟩J(∆Ω)

8πm2
DM

Tobs,k

∫ mDM

Eth

∫∞
0

∑
f BRf

dNf
γ

dEγ
(Eγ)R(Eγ, E

′
γ) Aeff,k(Eγ) dEγ dE

′
γ , (8.1)

The expected number of photons obtained with equation 8.1, for each energy binconsidered in this analysis, is computed and displayed in Fig. 8.13. For illustration,we computed this for a fixed DM mass of mDM = 3 TeV, the annihilation channel
W+W− and annihilation cross section of ⟨σv⟩ = 5 ×10−24cm3s−1. The peak in thedistribution of DM expected events is given by the photons resulting from theannihilation of DM for the energy bin close to the DM mass of the annihilatingparticles.
8.2.7 Expected dark matter distribution
Some of the typical parameterizations for the DMdistribution in the GC region arethe Einasto and Navarro-Frenk-White (NFW) profiles. They were shown in Eq.3.4and Eq.3.5 for the Einasto and NFW parameterizations respectively. The DM den-sity at the Solar position is assumed as ρ⊙ = 0.39 GeVcm−3 [113]. The parametersof the Einasto andNFWprofiles used here, together with an alternative parameterset for the Einasto profile are provided in Tab. 8.2. These density profiles are plot-ted in Fig. 8.14. The ON region used for the search of DM signals, comprehensiveof all the 25 ROI rings, is shown too.For each ring in theROI, the total J-factor values are computed. The J -factor val-ues for the Einasto and NFW profiles are shown in Table 8.3. The second and thirdcolumn provide the inner and outer radii for each ring. The solid angle is givenin the fourth column. The last three columns provide the J -factor values for thethree profiles tested in this analysis. The former are plotted as a function of theROI number in Fig. 8.14. An example of the J -factor map for the Einasto profile
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Figure 8.12: Energy-differential spectra expected expected from self-annihilatingDM particles of massmDM = 0.98 TeV and ⟨σv⟩ = 3.8×10−26 cm3s−1 in theW+W−

annihilation channel. The spectra are shown in E2 and convolved with the H.E.S.S.response (orange line) for individual ROIs as well as for the combination of allROIs. Aeff(E) stands for the energy-dependent acceptance of the instrument. Alsoplotted are the correspondingON (black line) andOFF (red line) energy-differentialspectra. The first three panels show the spectra for individual ROIs, the last panelshows the spectra for the combination of all the ROIs.

Figure 8.13: For illustration, expected DM events distribution for mDM = 3 TeV,annihilation channelW+W− and annihilation cross section ⟨σv⟩ = 5×10−24cm3s−1

shown as the orange distribution. For comparison, the ON and OFF event energydistributions for ROI 12 are displayed with 1σ error bars for each energy bin.

is shown in Fig. 8.6. The J -factors obtained for the Einasto parameterization as-
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Profiles Einasto NFW Einasto 2 [124]
ρs (GeVcm−3) 0.079 0.307 0.033

rs (kpc) 20.0 21.0 28.4
αs 0.17 / 0.17

Table 8.2: Parameters used for the DM profiles used in this analysis. The Einastoand NFW profiles are taken from Ref. [13]. The alternative normalization of theEinasto profile used is taken from [124] and referred to as "Einasto 2".

Figure 8.14: Dark matter density profiles ρDM versus distance r from the GalacticCenter and J -factor values for each ring of the ROI. Left panel: Darkmatter densityprofiles for the Einasto and NFW profile parameterizations as defined in Ref. [13].An alternative parameterization of the Einasto profile [124] is also used and re-ferred to as "Einasto 2". The red-shaded area corresponds to the signal regionwhere the DM annihilation signals is searched. Right panel: J -factor values, ob-tained with the previously mentioned Einasto and NFW DM density parametriza-tions, are shown for each ring of the signal region.
sumes at least a factor 2 larger values than from the other two parameterizations,therefore we expect more constraining limits with the former.
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ith ROI Inner radius Outer radius Solid angle∆Ω J -factor J(∆Ω)[deg.] [deg.] [10−4 sr] [1020 GeV2cm−5]Einasto NFW Einasto [124]1 0.5 0.6 1.05 9.5 4.9 3.02 0.6 0.7 1.24 9.8 4.9 3.23 0.7 0.8 1.44 10.1 4.9 3.34 0.8 0.9 1.63 10.2 4.8 3.45 0.9 1.0 1.82 10.3 4.8 3.56 1.0 1.1 2.01 10.4 4.8 3.57 1.1 1.2 2.20 10.5 4.7 3.68 1.2 1.3 2.39 10.5 4.7 3.69 1.3 1.4 2.58 10.5 4.7 3.610 1.4 1.5 2.77 10.5 4.6 3.711 1.5 1.6 2.97 10.4 4.6 3.712 1.6 1.7 3.16 10.4 4.6 3.713 1.7 1.8 3.35 10.3 4.5 3.714 1.8 1.9 3.54 10.3 4.5 3.715 1.9 2.0 3.73 10.2 4.5 3.716 2.0 2.1 3.92 10.2 4.5 3.717 2.1 2.2 4.11 10.1 4.4 3.718 2.2 2.3 4.31 10.0 4.4 3.719 2.3 2.4 4.50 9.9 4.4 3.720 2.4 2.5 4.69 9.9 4.3 3.621 2.5 2.6 4.88 9.8 4.3 3.622 2.6 2.7 5.07 9.7 4.3 3.623 2.7 2.8 5.26 9.6 4.3 3.624 2.8 2.9 5.45 9.5 4.3 3.625 2.9 3.0 5.64 9.5 4.2 3.6
Table 8.3: J -factor values for the 25 rings of the ROI considered in this work,shown in units of GeV2cm−5. The ring number, the inner and the outer radii andthe size in solid angle for each ring are given in the first four columns. The J -factor values in the rings, computed without applying the masks on the excludedregions, are given for the Einasto, an NFW [13] and an alternative Einasto [124]profiles in the fifth, sixth and seventh columns respectively.
8.3 Searching for dark matter signal

8.3.1 Limits on the annihilation cross section
Since no significant excess compatible with DM signals is found in the ROI, wederive upper limits on the ⟨σv⟩, used in Eq. 8.1, with the framework defined inSec. 4.4.The statistical analysis is performed with a 2-dimensional log-likelihood ratiotest statistic, which exploits the expected spectral and spatial DM signals featuresin 67 logarithmically-spaced energy bins and 25 spatial bins corresponding to therings of the ROI. A safe energy threshold was defined as Ethr = 200 GeV. For afixed DM mass, the likelihood function used is the same as the one defined inSec. 4.2. For this analysis, NSi,j and NS′ i,j are considered as the total number ofDM events in the (i, j) bin for the ON and OFF regions, respectively. These valuesare computed with Eq. 8.1, where the expected DM flux is folded with the energy-dependent acceptance and energy resolution. The term dN f

γ /dEγ , corresponding
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to the gamma-ray yield in the channel f , is computed with the Monte Carlo eventcollision generator PYTHIAv8.135, including final state radiative corrections [124].To account for the systematic uncertainty in the likelihood function, a Gaussiannuisance parameter, composed by βi,j as a normalization factor and σβ,i,j as thewidth of the Gaussian function, is used (see, for instance, Refs. [336, 244, 285] andwhat we will explain in Sec. 8.4). The value of βi,j is found by a maximization ofthe likelihood function such that dLi,j/dβi,j ≡ 0. The σβ,ij value used is fixed to 1%.Since no significant excess was found in the ROI rings, we derive constraints on
⟨σv⟩ from the log-likelihood ratio TS described in Ref. [147] and already describedin Sec. 4.4, assuming a positive signal ⟨σv⟩ > 0. Given the high statistics regime,the TS follows a χ2 distribution with one degree of freedom. With the obtainedlimits, values of ⟨σv⟩ with TS higher than 2.71 are excluded at the 95% C.L..

8.3.2 Expected and observed limits
For the upper limits on ⟨σv⟩ for self-annihilation of WIMPs with masses from 200GeV up to 70 TeV, different annihilation channels are considered. We exploredself-annihilation into the quark (bb̄, tt̄), gauge bosons (W+W−, ZZ), lepton (e+e−,
µ+µ−, τ+τ−) and Higgs (HH) channels. The 95% C.L. observed and expected up-per limits for theW+W− and τ+τ− channels, respectively, for the above-mentionedEinasto profile are shown in Fig. 8.15. The 68% and 95% statistical containmentbands are plotted as well. The observed limits are computed with the availablestatistics in the ON and OFF measured energy count distributions.

For the computation of the expected upper limits, 300 Poisson realizations ofthe background extracted from the OFF regions are performed. For each ring ofthe ROI and observational run, independent Poisson realizations of themeasuredbackground energy count distributions are computed for the ON and OFF regionson a run-by-runbasis, respectively. The upper limits on ⟨σv⟩ are computed accord-ing to the TS procedure for each realization of the overall energy count distributionin the ON and OFF regions. The procedure is repeated 300 times. The distributionof the computed limits is used for the derivation of the mean expected limits, the68% and 95% statistical containment bands. These values are derived from themean, the 1 and 2σ standard deviations of the distribution. This procedure wasalready described in Sec. 4.4.3.
Considering the W+W− channel, the obtained annihilation cross section ob-served upper limit for a DM particle of mass 1.5 TeV is 3.7×10−26 cm3s−1. Inthe τ+τ− annihilation channel, the obtained upper limit is 1.2×10−26 cm3s−1 for0.7 TeV DM mass. The ⟨σv⟩ values expected for DM particles annihilating withthermal-relic cross section [82] are crossed by the limits in the τ+τ− and e+e− an-nihilation channels. With respect to the latest constraints shown in Ref. [13], weobtain an improvement factor 1.6, for a DM particle with mass of 1.5 TeV. Thelarger statistics of the dataset, collected from longer observational live time, and
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Figure 8.15: Upper limits, as a function of the DM mass mDM, on ⟨σv⟩ derivedfrom the 2014-2020 H.E.S.S. observations, for the W+W− (left panel) and τ+τ−(right panel) channels. The upper limits include the systematic uncertainty. Ob-served upper limits are shown as the black solid line. Mean expected upper limits(black dashed line) together with the 68% (green band) and 95% (yellow band) C.L.statistical containment bands are shown too. The mean expected upper limitscomputed without including systematic uncertainty are also shown (red dashedline). The natural scale expected for thermal-relic WIMPs is shown as the horizon-tal gray long-dashed line.
the deployment of the CT1-5 array of H.E.S.S. contributed to the better sensitivityof the present analysis. The limits for the channelsW+W− and τ+τ− are shown inFig. 8.15. The analysis for the derivation of constraints on the ⟨σv⟩ of DM particlesis performed also in the bb̄, tt̄, ZZ , HH , e+e−, µ+µ−, and annihilation channels.The constraints for these channels are shown in Fig. 8.16.

205



Figure 8.16: Upper limits, as a function of the DM mass mDM, on the velocity-weighted annihilation cross section ⟨σv⟩ derived from the 2014-2020 H.E.S.S. ob-servations. The limits are displayed for the bb̄, tt̄, ZZ , HH , e+e− and µ+µ− chan-nels, respectively. The upper limits include the systematic uncertainty. Observedupper limits are shown as the black solid line. Mean expected upper limits (blackdashed line) together with the 68% (green band) and 95% (yellow band) C.L. sta-tistical containment bands are shown too. The mean expected upper limits com-puted without including systematic uncertainty are also shown (red dashed line).The natural scale expected for thermal-relicWIMPs is shown as the horizontal graylong-dashed line. 206



8.3.3 Comparison with other experiments
The limits obtainedwith this analysis are themost constraining ones, for the chan-nels presented in this analysis, in the TeVmass range. In Fig. 8.17, we show a com-parison between the limits obtainedwith this analysis and the previous limits fromH.E.S.S. observations and from other experiments in the GeV-TeVmass range, forthe W+W− annihilation channel. The previous limits obtained with H.E.S.S. ob-servations of the GC region were derived from a H.E.S.S. I dataset of 254 hoursof observations [13]. Limits obtained with observations of the GC region withHAWC [17] and with Fermi-LAT [24] are shown as well. The limits obtained with
Fermi-LAT are shown for the bb̄ annihilation channel. Fermi-LAT limits from theobservations of 15 dwarf galaxy satellites of the Milky Way [23] are shown too. Fi-nally, the figure shows the limits obtained from the cosmicmicrowavebackgroundmeasured by PLANCK [29].The limits are 1.6 timesmore constraining than the latestH.E.S.S. constraints [13]for a DMparticle withmass of 1.5 TeV. In addition, they surpass the limits obtainedwith Fermi-LAT for particles with mass above ∼ 300 GeV.
8.3.4 Testing different Dark Matter profiles
The dark matter density profiles adopted in this work have been described inSec. 8.2.7. The comparison between the limits computed with the J -factor val-ues obtained with these profiles is shown in Fig. 8.18. Computing the limits withthe NFW or the Einasto 2 parameterizations, described in Sec. 8.2.7, results inabout a factor of 2.5 weaker constraints, compared to the ones obtained with theEinasto profile. If a DM density distribution was assumed as a kiloparsec-sizedcored, such as the Burkert profile, the limits would be weakened by about twoorders of magnitude. Instead assuming a Moore-like profile would produce limitsmore constraining of about a factor two.

8.4 Impact of the systematic uncertainties on the
limits

A detailed study has been carried out on the systematic uncertainties affectingthe 2014-2020 dataset in Sec. 6.4. For this particular analysis, the systematic un-certainty on the normalization of the energy count distributions is derived. Weconsider the derivation of the expected gradient in the gamma-like rate depend-ing on the difference in the zenith angle of the observations.For the DM analysis, the chosen ring of the ROI and each pointing position ofthe IGS, the difference of the mean values of the distributions of the ON and OFFevent zenith angles is up to 1◦ depending on the zenith angle of the observationalrun. On a run-by-run basis, the observed gradient of the gamma-ray-like rate in
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Figure 8.17: The latest H.E.S.S. constraints in the W+W− channel are comparedwith previous published limits. The previous limits from H.E.S.S. observations ofthe GC [13] are shown as an orange line. The limits from GC observations withHAWC [17] are shown as a purple line. The limits from the observations of 15dwarf galaxy satellites of the Milky Way by the Fermi satellite [23] and of the GCregion [24] are shown as the gray and violet lines, respectively. The limits from theGC are shown for the bb̄ channel. Limits from the cosmic microwave backgroundwith PLANCK [29] are shown too, as the red line. . Limits from prospects of ob-servations of the GC region with CTA are shown as the black dashed line [22]. TheEinasto profile is used for all the GC limits.

the FoV is considered: the rate is renormalized according to the difference of thezenith angle mean values of the ON and OFF distributions. The typical width of 1◦of the zenith angle distribution is taken into account by including a systematic un-certainty of 1% on the normalization of the measured energy count distributions.This value is included, as previously explained, as a Gaussian nuisance parametercomposed by βi,j as a normalization factor and σβ,ij as the width of the Gaussianfunction. σβ,ij is therefore fixed to 1%. Themean expected limits are deteriorated,by the inclusion of the 1% value, from 8% to 18% depending on the DM particlemass.
No other source of systematics explained in Sec. 6.4 is included in this work.
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Figure 8.18: Limits on the velocity-weighted annihilation cross section ⟨σv⟩ ob-tained with different parameterizations of the DM density distribution. The 95%C. L. upper limits, shown for the Einasto profile (black line), another parameter-ization of the Einasto profile [124] referred to as "Einasto 2" (red line), and theNFW profile (pink line), are computed for the W+W− channel and including thesystematic uncertainty.
8.5 Conclusions and outlook
In this analysis, we obtained the latest results on a search for signals from annihi-lating WIMPs, from new observations of the inner halo of the Milky Way with thecomplete five-telescope array of H.E.S.S.. The main outcomes are:

• the used H.E.S.S. II dataset provides a factor 5more exposure and a factor∼1.6 more sensitivity on the DM annihilation signals from the GC region withrespect to the previous H.E.S.S. I dataset;
• a significant excess is found in the high energy band of the dataset, howeverthere is no compatibility with the spatial and spectral morphology of thesearched DM signals, therefore we derive 95% C.L. upper limits on ⟨σv⟩ ofthe DM particles;
• upper limits of 3.7×10−26 cm3s−1 and 1.2×10−26 cm3s−1 are obtained forDM particles with masses of 1.5 TeV and 0.7 TeV, for the Einasto profile andin theW+W− and τ+τ− channels, respectively;
• the derived limits improve significantly the previous constraints, becoming
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the most constraining ones so far in the TeV mass range for the exploredchannels;
• the natural ⟨σv⟩ values expected for the thermal-relic WIMPs are challengedin the TeV DM mass range by the limits in the τ+τ− and e+e− channels.
This analysis benefits from improved sensitivity due to the observations car-ried outwith the IGS programaswell as the use of the full H.E.S.S. array of five tele-scopes. Observations at VHE with IACTs of the Galactic Center region are uniqueto thoroughly study the WIMP models and provide crucial insights on TeV massWIMPs. The IGS is an unprecedented dataset to explore the parameter spaceof multi-TeV DM models such as the benchmark candidates Wino and Higgsino(see Ref. [324] and references provided therein) which naturally arise in simpleextensions to the Standard Model. Limits on ⟨σv⟩ of DM particles obtained withobservations fromdifferent facilitieswere compared in Fig. 8.17. Constraints fromprospects of observations with CTA were also displayed [22]. Constraints on theDMmodels with the IGS observations are an important legacy of H.E.S.S. and pavethe way to future analysis of observational dataset that will be collected by theSouthern-site of CTA [285]. The latter will improve on the limits of the current gen-eration of IACTs and will significantly extend the range of DM masses where thetheoretically important benchmark, provided by the thermal value for the ⟨σv⟩,can be robustly probed [22]. This work has been published in Physical Review Let-

ters [7].
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Chapter 9

Dark matter annihilation signals
from unidentified Fermi objects
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Summary
Fermi-LAT Objects with no correspondent counterparts at other wavelengths(see for instance Refs. [40, 16]) are natural candidates for DM subhalos populatingthe Galactic halo [226] and compelling targets for DM search beyond the classi-cal ones such as GC and dwarf galaxies. A selection of unidentified Fermi-LATObjects (UFOs), has been observed with the full five-telescope H.E.S.S. array. Thischapter describes the analysis carried out with the datasets coming from 2018and 2019 H.E.S.S. observations of a selection of the most promising UFOs. Thegoal is to probe their potential TeV-mass DM-induced emissions. Sec. 9.1 intro-duces the subject. In Sec. 9.2 the distribution of the J -factor values for DM Galac-tic subhalos is described. Sec. 9.3 describes the Fermi-LAT analysis of the selectedUFOs datasets to obtain a quantitative description of how DM models can fit tothe Fermi-LAT data. The H.E.S.S. observations and data analysis are explainedin Sec. 9.4. The constraints on the parameters of the adopted DM models aredescribed in Sec. 9.5, which specifically treats the upper limits derived with theH.E.S.S. analysis, and in Sec. 9.6, which describes the results obtained from cos-mological simulations and the associated uncertainties. Finally, the conclusionsare gathered in Sec. 9.7. This work has been published in The Astrophysical Jour-

nal [10].
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9.1 Introduction

The most accredited cosmological theories explain the formation of the Universeas hierarchical, with the creation of the smallest structures happening first. Orig-inally, DM particles collapse and form gravitationally-bound systems. These sys-tems later merge to form the first subhalos, which subsequently form the moremassive ones. After the merging history, DM halos are believed to be massiveenough to retain gas, trigger star formation and give rise to the galaxies that weobserve today. Nevertheless, most of the subhalos remain completely dark. Un-der the assumption that DM subhalos are made of WIMPs, 10−4 to 1010 M⊙ masssubhalos are predicted to lie in DM halos of Milky-Way sized galaxies [161, 343].The expected number density profile of subhalos is shown in Fig. 9.1, extractedfrom Ref.[161]. The number density profile of subhalos presents larger valuesthan the DM density profile for large distances from the GC. The ratio betweenthe two is also shown and represents quite well ρM(< r) of the Galaxy [161]. Inthe lower panel of the same figure, the profile of the subhalo concentrations isshown. The concentration increases towards the central region of the Milky Waywhere the low density outer parts of the subhalos are stripped by the strongertidal force [161].
Dwarf galaxies should be hosted by the most massive subhalos (≳ 108 M⊙).Dark subhalos are predicted as compact and concentrated objects, not hostingconventional astrophysical high-energy emitters. However, when the halos aremassive and/or close enough, gamma-ray fluxes produced by the annihilationprocesses of the constituent DM particles can be detectable with satellites andground-based experiments, such as the current generation of IACTs [235, 348,353, 109]. In addition, massive enough WIMPs can annihilate frequently enoughand produce VHE photons detectable by the H.E.S.S. telescopes. Nonetheless, thelocation of these subhalos is unknown. Their search can be performed with ob-servations of all sky with the Large Area Telescope (LAT) instrument onboard theFermi satellite [77] or wide-field survey carried out with IACTs [35, 105]. Alter-natively, one can observe unidentified Fermi-LAT Objects revealed by the Fermi-LAT observations of thewhole sky [40, 16]. Thedatasets of the unidentified sourcespublished by the Fermi-LAT collaboration have been used to search for annihila-tion signals from WIMPs. Fig. 9.2 was extracted from [146] and shows limits de-rived from the three Fermi-LAT catalogs for all point-like sources. The constraintswere obtained for two DM particles annihilating in the τ+τ− channel reachingthermal annihilation cross section [347] for DM particles with GeV masses.
The emission spectra coming from selected UFOs can be described by high-massDMmodels, provided that theDMparticles populating thehalos havemassesthat lie above 100 GeV [65, 110, 146, 369, 84]. UFOs showing hard spectra in thefew-ten-to-hundred GeV energy range can be identified as DM subhalos if con-sidering DM masses sufficiently larger than 100 GeV. Therefore, such objects are
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Figure 9.1: Abundance and concentrations of subhalos vs distance from theGalac-tic Center are plotted in the top and bottom panels, respectively. Top panel: thenumber density profile of subhalos, shown by the circles, compared to the DMhalo density profile, shown by the black line. The red line shows the ratio of thetwo. Bottom panel: Subhalo concentrations median and 68% containment valuesshown by the circles and the black lines. The error bars indicate the statistical un-certainties in both panels. Figure extracted from [161].

excellent targets to perform searches for DM subhalos with IACTs and probe theirDM origin in the TeV mass range.

9.2 Dark matter subhalos from cosmological simu-
lations

Dark Matter halos of Milky-Way sized galaxies are populated by galactic subha-los, DM substructures predicted from cosmological N-body simulations (see, forinstance, Refs. [161, 341]) and today unmerged. The mass function of the subha-los can be derived, together with a robust description of its slope and normaliza-tion, from the simulations. The function is defined as dlnN/dlnM ∝M−αm , with aslope of≃ 1.9 for MW-like galaxies (see, for instance, Refs. [161, 341, 182, 172]). Alarge number density of galactic subhalos, not hosting conventional astrophysical
216



Figure 9.2: Limits on the DM annihilation cross section for the τ+τ− annihilationchannel with the datasets of unidentified Fermi-LAT objects extracted from thethree Fermi-LAT catalogs used in Ref. [146]. The shaded bands refer to the 1σ un-certainty. The dashed line represents the thermal value of the annihilation crosssection [347]. Figure extracted from [146].

sources, is expected to be present in MW-like galaxies. Even though no informa-tion is derived by observations of conventional astrophysical emitters in thesesubhalos, properties such as abundance of the resolved ones, radial distribution,mass and concentration can be derived from the simulations. The DMdensity dis-tribution in these subhalos is believed to follow a cuspy profile, which can be builtwith NFW [292] or Einasto parametrizations [343]. The slope of the DM densitydistribution in a subhalo can be predicted only for the most massive ones, due tothe limited spatial resolution of the current cosmological simulations.

9.2.1 Expected subhalo J-factor distribution in the Milky Way
Under the assumption of a profile for the DM density in subhalos, the distributionof J -factors of the galactic subhalo population dN/dJ can be derived. From thecumulative distribution N(J) ≡ N(≥ J) the number of subhalos in the MW with
J -factor greater or equal than some specified value can be computed. The distri-bution of J -factors of DM subhalos in the MW is derived with the CLUMPY codev3.0.0 [121, 99, 215]. For the realization of the DM main halo profile, 1000 simu-lations of a MW-like galaxy with a smooth NFW [292] are performed. The recentmeasurements in Ref. [114] show that the NFW profile fit well the expected DMdistribution even though there are still important uncertainties connected to thederivation of the DM profile. In Chap. 8, we used the Einasto as the main profileto maintain coherence to the previous H.E.S.S. results. The parameters assumedfor the NFW profile are taken from a recent study of DM distribution in the Milky
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Way [114]. The parameters for the description of the subhalos, for each simula-tion, are chosen similar to the ones used in [217] for the "HIGH" model. The slopeof the power law describing the subhalo mass function is fixed to αm = 1.9 [161];the number of objects between 108 and 1010M⊙ is taken as Ncalib = 300 follow-ing [343]; and the subhalo mass-concentration relation is chosen following thedistance-dependent prescription of [280].From each simulation, Galactic coordinates and the integrated values of the
J -factors within 0.1◦ radius around the centers of gravity of the subhalos are de-rived. The cumulative J -factor distributionN(≥ J) is shown in the upper panel ofFig. 9.3. This distribution is valid for subhalos located at Galactic latitudes |b| > 5◦.For our analysis, we consider only subhalos located at high latitudes such that wecan avoid including the diffuse emissions in themeasured backgrounds. This sim-plifies the analysis. Moreover, the effects of tidal disruption is negligible for highlatitudes subhalos. The average value of the distribution, from the 1000 realiza-tions, is shown as the red curve. The 1σ bands are displayed as the red shadedareas. The lower panel of Fig. 9.3 shows the probability to find, in any simulation,at least one (three) subhalo(s) with a J -factor larger than the specified value asthe red dashed (blue dotted) curve. The black dashed line highlights the 5% prob-ability. The probability, on average, to find one or more subhalos with J -factor
J ≥ 3× 1020 GeV2cm−5 is only about 5% and it is shown by the crossing of the reddashed line with the black dashed one. The same value of the probability is foundfor three or more subhalos with J -factors J ≥ 1× 1020 GeV2cm−5 where the bluedotted and the black dashed lines cross.

9.3 Fermi-LAT unidentified sources as dark matter
subhalo candidates

In all-sky gamma-ray surveys, hypothetical emission in gamma-rays coming fromobjects detected by Fermi-LAT, but with no other counterparts at any other wave-lengths, is expected [226]. The smoking gun trademark of DM emission is a verydistinct energy cut-off at the DMmass in the detected flux, assuming the two bodyprocess of the annihilation taking place almost at rest. However, when consider-ing DM particle masses larger than a few hundred GeV, the LAT instrument couldnot detect such a feature because it was too high in energy. Spectra derived fromVHE observations with H.E.S.S. can cover the window and search for possibleDM-induced cut-offs. To search for the best candidates through the unidentifiedFermi sources, a thorough selection in the Third Catalog of High-Energy Fermi-LAT Sources (3FHL) [40] is performed. The 3FHL includes sources detected above10 GeV from the first 7 years of collected data. The catalog contains 1556 objects,including point-like sources, observed with improved sensitivity and angular res-olution with respect to the previous LAT catalogs at the same energies. Of the
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Figure 9.3: Top panel: Number of subhalos with J -factor exceeding a given valueobtained from 1000 simulations of the subhalo population for MW-like galaxies.The average value of the cumulative distribution is shown as the red solid curve,while the 1σ statistical uncertainty is represented by the shaded areas. Bottom
panel: Probability P to find at least one subhalo with a J -factor higher than spec-ified (red dashed line). The blue dotted line presents the same probability for atleast three suhhalos. The horizontal black dashed line shows the 5% probability.See text for more details.

sources present in the catalog, 13% [40] are unassociated or associated with asource of not known nature. The sky map of the sources in the catalog, as ex-tracted from [40], is shown in Fig. 9.4.

9.3.1 Candidates for H.E.S.S. observations
The selection through the 3FHL catalog is performed following some criteria. Thebaseline criterion requires that the source is not associated with any emissionat other wavelengths. Subsequently, sources too close to the Galactic plane areexcluded. Afterwards, criteria to search for DM-emission like spectra are applied:

1. the unidentified sources have to be steady, i.e., to not show flux variabilityover time according to the 3FHL catalog1;
2. they need to exhibit a hard power-law spectral index (Γ < 2), as expected
1While the criterion on the variability provides steady candidates as expected for DM sources,

Fermi-LAT photon properties at the highest energies have been checked. None of them could beattributed to flaring of nearby Fermi-LAT sources.
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Figure 9.4: Sky map, in Galactic coordinates, showing the objects in the 3FHL cat-alog, as observed by Fermi-LAT. The legend reports the sources’ most likely classi-fication. Figure extracted from [40].

for DM-induced signals for DMmasses above 100 GeV with no obvious con-ventional counterpart at other wavelengths.
Starting from the Fermi-LAT source coordinates, the possibility of counterparts inmulti-wavelength (MWL) is searched. The search is performed in catalogs of MWLfacilities (XMM-Newton, ROSAT, SUZAKU, CGRO, Chandra, Swift, WMAP, RXTE,Nus-tar, SDSS, Planck, WISE, HST) with the assumption of a searched radius around thesource determined by the position uncertainty derived in the 3FHL catalog. Wesearch for the sources far away from the Galactic plane, because the many astro-physical emitters in the plane could cover the faint emission from the searchedsubhalos and the latter would not survive in the Galactic disk and would be dis-rupted. Moreover, in this way a challengingmodeling of the Galactic plane diffuseemission is avoided in the Fermi energy range. The sources that pass the criteriaare six. They do not lie in a complex astrophysical environment and are relativelyisolated with no high-energy gamma-ray emission within about one degree2. Toobtain a low energy threshold, the H.E.S.S. observations are carried out at a max-imum zenith angle of 45◦. The selection steps applied to the 3FHL catalog aresummarized in Tab. 9.1. Following the observation proposal, observations havebeen granted and scheduled for four of the selected UFOs. The characteristics ofthe UFOs selected for observations with the H.E.S.S. telescopes are summarizedin Tab. 9.2. The small number of suitable DM subhalo candidates obtained by

2The closest 3FHL source for 3FHL J1915.2-1323 is at 0.8◦ while for the other UFOs, the closestsource is at distance higher than 1.7◦).
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Criteria Numbers of sourcesWithout association 178Far enough from the Galactic plane, cut in Galactic latitude of |b| > 5◦ 126Non-variable, cut in variability index (No. of Bayesian blocks in var. analysis) equal to 1 125Maximum zenith angle at H.E.S.S. site of 45◦ 83Follow a simple power law with significance for curvature< 3σ 83Hard spectrum, cut in spectral index below 2 18No MWL counterparts 6
Table 9.1: Selection criteria to extract DM subhalo candidates from the 3FHL cat-alog. For the search for multi-wavelength (MWL) counterparts, individual searchradii are used (∼ 2 − 4 arcmin) based on the uncertainty of the Fermi positionquoted in the 3FHL. The following list of MWL facilities is checked: XMM-Newton,ROSAT, SUZAKU, CGRO, Chandra, Swift, WMAP, RXTE, Nustar, SDSS, Planck, WISE,HST.

the straightforward selection is confirmation that the observation of a selectionof UFOs is a viable DM search strategy for targeted observations performed byIACTs.

Name RA Dec. TS for Position Pivota Spectral energy distribution Power-law ∆χ2 Ecut

E ≥ 10 GeV uncertainty energy at pivot energy index[degrees] [degrees] [arcmin] [GeV] [10−13 TeV cm−2s−1] [GeV]3FHL J0929.2-4110 142.3345 -41.1833 36 2.4 0.39 0.12± 0.01 1.37± 0.07 0.15 > 333FHL J1915.2-1323† 288.8182 -13.3916 23 3.0 62.8 2.1± 0.9 1.5± 0.4 0.05 > 353FHL J2030.2-5037 307.5901 -50.6344 40 2.6 6.3 1.9± 0.3 1.85± 0.1 0.40 > 673FHL J2104.5+2117b,c 316.1226 21.2831 58 2.2 1.56 5.3± 0.5 2.22± 0.06 0.02 > 85

Table 9.2: Selected UFOs properties and their spectral parameters. RA-Dec coor-dinates of the UFO sources are given in the second and third column. Test statis-tics (TS) values for energies above 10 GeV are provided in the fourth column. Theposition uncertainty is given in the fifth column. Pivot energy, spectral energy dis-tribution at the pivot energy and best-fit power-law spectral index are given in thesixth, seventh, and eighth columns, respectively. The computed ∆χ2 value be-tween a pure power-law and a power law with exponential cut-off fit to the datais given in the ninth column. Finally, the lower limit on the possible energy cut-offin the energy spectrum is given at 95% C.L. in the last column. The 3FHL J1915.2-1323 source marked with † is detected only above 10 GeV. For this source, thisminimum energy is considered for the values of the spectral index, pivot energy,differential flux and ∆χ2. The minimum energy for the other sources is 0.1 GeV.
aThe pivot energy is defined as the energy value where the ratio of differential flux over inte-grated flux is minimal.
bThe spectral index in the 3FHL catalog is 1.8 [40].
c3FHL J2104.5.2117 is recently associatedwith an AGN in the 4FGL catalog [16]with a probabilityof 0.4.
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9.3.2 Fermi-LAT data analysis of the selected sources

For the analysis of the four UFO datasets with Fermi-LAT data, more than 12 yearsof observations are considered (from Aug. 2008 to Oct. 2020). The latest avail-able fermitools v. 2.0.0 with P8R3_V3 response functions (CLEAN photon class)3are used. The energy spectra are derived applying the standard binned likeli-hood analysis with a 14◦-radius region encompassing each of the object. Theenergy range is fixed between 0.1 and 1000 GeV, with eight log-equal bins. Toperform the spectral analysis, spatial and spectral model descriptions of the skyregion around the source of interest are fitted to the data. Moreover, in thefit region we include sources from the 4FGL-DR2 catalog [16] contained in the
14◦-radius region around the UFO position as well as components for isotropicand Galactic diffuse emissions given by the standard spatial and spectral tem-plates iso_P8R3_CLEAN_V2_v1.txt and gll_iem_v07.fits. The spectral modelsare taken from the 4FGL catalog. Every parameter except the normalization isfixed to the values present in the catalog. In addition, all the sources from the4FGL catalog up to 10◦ beyond the considered region of interest, with parametersfixed to catalog values, are included to the model. This is done to reduce the biasdue to a possible presence of bright sources outside the considered region and ef-fects that can arise as consequences of the poor PSF of the LAT at low (∼ 0.1 GeV)energies. A pure power-law function is chosen to model the UFO spectra. To ob-tain the slope of the function, a broad energy-range fit is carried out.

To follow the recommendation of the Fermi-LAT collaboration, the analysis isdone with energy dispersion handling enabled. Possible significant residuals be-tween the data and the model are searched in the test-statistics (TS) maps of theconsidered regions. The maps are built for the 5◦×5◦ regions around the positionof each UFO. These maps show the significance (∼ √
TS) w.r.t. the backgroundmodel of a test point-like source with a power-law spectrum computed with a freenormalization and slope fixed to -2, in each pixel. To determine the backgroundmodel, the UFO source is removed and the same spatial and spectral models thatwe previously introduced are considered. The presence of unaccounted sourcesclose to the UFO source position and the point-like spatial morphology of the UFOemission could be checked and verified, respectively. The TS maps, for energieslarger than 10 GeV, are shown in Fig.9.5. The maps are produced in Galactic co-ordinates and with pixels of 0.05◦ size. No smoothing is applied. Position of UFOsources and nearby 4FGL sources are marked with cyan crosses and green cir-cles, respectively. In the maps, no significant residual that could affect the Fermi-LAT data analysis of the UFOs is found. Therefore, the UFO sources’ regions arewell described by the considered models. The results of the analysis of each UFOare summarized in Tab. 9.2. From DM-induced emissions, a spectrum following apower-law with (super)-exponential energy cut-off in the TeV energy range is ex-

3See description of Fermi-LAT response functions.
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pected [66]. In our case, the latter can not be significantly discriminated from apure power-law emission due to the present availability of photon statistics in the
Fermi-LAT dataset. The ∆χ2 between these two models is shown in Tab. 9.2. Thelower limits at 95% C.L. from the Fermi-LAT analysis on the energy cut-off, definedas the energy at which∆χ2 changes by 2.71 between power-law and exponentialenergy cut-off power-law models are shown in the last column of Tab. 9.2.

Figure 9.5: Test statisticsmaps displayed for energies above 10 GeV and for 5◦×5◦region around each of the considered UFOs. The maps are shown in Galacticcoordinates with pixel size of 0.05◦. The value of the TS is given by the color scale.The UFO source position in each map is given by the cyan cross. The positionsof the nearby 4FGL sources included in the background model are given by thegreen cross.
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9.3.3 Modeling the selected sources spectra with dark matter
models

The Fermi-LAT fluxmeasurements, taken from the 3FHL and the 4FGL catalogs andfrom the analysis described in the previous section, are shown in Fig. 9.6. Whena flux point with more than 2σ significance is not obtainable, flux upper limitsare shown with the same color code but with a downward arrow. DM emissionmodels are superimposed to the Fermi-LAT flux measurements. Model predic-tions for DM masses of 1 TeV and 10 TeV, respectively, are plotted separately forthe W+W− and τ+τ− annihilation channels. Some of these can qualitatively de-scribe the observed gamma-ray flux, obtained from the Fermi-LAT data analysisof the selected UFOs. For instance, the predictions shown for mDM = 1 TeV welldescribes the Fermi-LAT data for 3FHL J0929.2-4110 in theW+W− and τ+τ− anni-hilation channels. Otherwise, for 3FHL J2030.2-5037, the predictions formDM = 10TeV in the W+W− annihilation channel do not describe the data very well, whilethe predictions formDM = 1 TeV are in better agreement. From the Figure, it is clearthat some DM models can well fit the data obtained with the Fermi-LAT observa-tions especially when considering the hard part of the DM spectra, which falls ingood agreementwithmost of the Fermi-LAT fluxmeasurements. However, no hintof cut-off is recognizable from the flux points and upper limits derived with the
Fermi-LAT analysis. Therefore, observations with H.E.S.S., which has better sensi-tivity than the LAT at energies larger than a few hundreds of GeV, are needed tosearch for the smoking gun spectral characteristic of the DM models.

A quantitative assessment of howwell the Fermi-LAT fluxmeasurements can fitDMmodels is derived for each UFO. The spectra are explicitly modeled with a DM-annihilation induced spectral template4. The characteristic quantity of the model,when mDM and annihilation channel are fixed, is only the overall normalizationof the spectra given by ⟨σv⟩J . To identify the range of viable parameters for DMannihilation, a scan over a large range of ⟨σv⟩J is performed. The adopted test-statistic (TS) is defined as a difference between best-fit log-likelihood functions formodels with no DM emission (L0, "background only" hypothesis) and the model(L) which includes the UFO source described by the corresponding parameter
⟨σv⟩J : TS = −2 log(L/L0) [268]5. The detection of the source corresponds tonegative values of the TS, i.e., adding a source with a corresponding parameter
improves the fit in comparison to background-only hypothesis.

The results obtained for the UFO 3FHL J0929.2-4110 are shown in the left pan-els of Fig. 9.7, for W+W− (top) and τ+τ− (bottom) annihilation channels, respec-tively. The results obtained for the other three UFO datasets, are shown in theleft panel of Fig. 9.8 for the W+W− annihilation channel and in the right one for
4Provided within fermitools as DMFitFunction based on Ref. [221]5The TS value for a source withN -parametric (spectral) model follows a χ2 distribution withNdegrees of freedom in the high statistic limit [365].
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the τ+τ− annihilation channel. The color scale shows the TS values for the valuesin the scanned range of ⟨σv⟩J . Under the assumption that the TS follows a χ2

distribution, when TS = −9 (resp. −25), a 3σ (resp. 5σ) significance for the detec-tion for 1 degree of freedom is reached. The dashed cyan and orange lines showthe detection region that corresponds to the improvement of TS by−9 and−25,respectively. The results for the combined dataset of three selected UFOs (3FHLJ0929.2-4110; 3FHL J1915.2-1323; 3FHL J2030.2-5037) are shown in the right pan-els of Fig. 9.7. To obtain this, the log-likelihood profiles from individual objects,forW+W− (top) and τ+τ− (bottom) annihilation channels, respectively, are com-bined. More details about the Figure are explained later in the chapter.

9.4 H.E.S.S. observations and analysis
The observations used for the analysis presented in this thesis are performedbetween 2018 and 2019 with the full five-telescope array and in the wobble obser-vation mode. In this configuration, the telescope pointing direction is offset fromthe nominal target position by an angle between 0.5◦ and 0.7◦. For the data usedfor the analysis, standard selection criteria [33] are applied. After the calibrationof raw shower images recorded in the camera, a template-fitting technique [153]is performed to reconstruct the direction and energy of the gamma-ray events. Inthe template-fitting, the recorded images are compared to pre-calculated show-ers computed from a semi-analytical model. Above 200 GeV, energy resolution of10% and an angular resolution of 0.06◦ at 68% containment radius for gamma-rayenergies are achieved. The cross-checks of the results described later have beenperformed with an independent calibration and analysis chain yielding compati-ble results [301]. Each event in the dataset is chosen from the best reconstructionfrom three array configurations. This analysis profile is known as the Combined
Stereo one, which has been already described in detail in Sec. 2.6. The selectedUFOs are assumed to be point-like sources according to the point spread function(PSF) of Fermi-LAT which reaches∼ 0.1◦ above 100 GeV. Given the H.E.S.S. PSF, theregion of interest (ROI), hereafter referred to as the ON source region, is thereforedefined as for point-like emission searches for H.E.S.S. and the ROI is taken as adisk of 0.12◦ radius. The results for the H.E.S.S. analysis have been cross-checkedwith an independent reconstruction and analysis chain [301].
9.4.1 Excess and Significance sky maps
Standard gamma-ray excess and significancemaps are produced for the four UFOdatasets with the Ring Backgroundmethod, including the full five-telescopes array.The UFOs are considered as point-like sources. No significant excess is observedneither on the four targets nor anywhere else in the FoV. For the DM search anal-ysis, specific background measurements and ROI are defined. This is explained
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Figure 9.6: Spectral energy distributions of the selected unidentified Fermi ob-jects observed with Fermi-LAT and H.E.S.S. for 3FHL J0929.2-4110 (top left), 3FHLJ1915.2-1323 (top right), 3FHL J2030.2-5037 (bottom left), and 3FHL J2104.5+2117(bottom right), respectively. The differential flux points computed in this workfrom the Fermi-LAT dataset (red dots) and taken from the 4FGL (orange dots) andfrom the 3FHL (green dots) catalogs [40, 16], are shown with the vertical and hor-izontal error bars corresponding to the 1σ statistical errors and the bin size, re-spectively. Flux upper limits and points (red, orange and green arrows) are givenat 95% C.L.. The observed flux upper limits from H.E.S.S. observations (blue ar-rows) are plotted at 95% C.L., together with the mean expected flux upper limits(black) and the 1σ (green) and 2σ (yellow) containment bands. Overlaid are theo-retical DM-induced fluxes for 1 TeV and 10 TeV DM masses in the W+W− (dash-dotted lines) and τ+τ− (dotted lines) annihilation channels, respectively.
later in Sec. 9.4.2. The four excess and significance maps, as well as the signifi-cance distributions obtained with the photon counts used for the production ofthe significance maps, are shown in Fig. 9.9.
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Figure 9.7: Contours of TS computed from Fermi-LAT datasets on the 3FHLJ0929.2-4110 (left panels) and the combined UFO datasets (right panels), respec-tively. The contours are given in the (⟨σv⟩J ,mDM) plane for theW+W− (top panels)and τ+τ− (bottompanels) annihilation channel. The cyan and orange dashed linesshow the −9 and −25 TS contours. Overlaid (solid green line) are H.E.S.S. upperlimits displayed at 95% C.L.
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Figure 9.8: Contours of TS computed from Fermi-LAT datasets on the3FHL J1915.2-1323 (top panels), 3FHL J2030.2-5037 (middle panels) and 3FHLJ2104.5+2117 (bottom panels) datasets, respectively. The contours are shown inthe (⟨σv⟩J ,mDM) plane, for the W+W− and (left panels) and τ+τ− (right panels)annihilation channel. The cyan and orange dashed lines show the −9 and −25
TS contours. Overlaid (solid green line) are H.E.S.S. upper limits displayed at 95%C.L.
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Figure 9.9: Gamma-ray excess maps (left panels), significance maps (middle pan-els) and significance distributions (right panels) for the four UFO datasets, ob-tained for point-like sources and with the Ring Background technique. The mapsand the distributions are shown for the 3FHL J0929.2-4110, 3FHL J1915.2-1323,3FHL J2030.2-5037 and 3FHL J2104.5+2117 datasets, respectively. No significantexcess is observed anywhere in the FoV.
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9.4.2 Measurement of background

For the measurement of residual background, OFF regions are defined followingthe Wobble Multiple Off technique [33], already described in Sec. 2.6. The samedistance of ON and OFF regions is taken from each of the telescope pointing po-sitions. This leads to identical acceptance values in the ON and OFF regions. Toavoid any leakage from the signal region into the one where the background issearched, a disk of radius equal to twice the ON-region radius is excluded. The ra-tio between the solid angle size of the OFF and ON regions defines the α parame-ter as α = ∆ΩOFF/∆ΩON. An example of the construction of the OFF regions withthe Wobble Multiple Off technique is given in Fig. 9.10. The Figure shows the defi-nition of the ON and OFF regions for the four UFOs. The ON region is at the centreof the FoV and is highlighted with the red circle. The OFF regions are taken at thesame distance that the ON region is taken from the pointing positions, which aregiven by the black crosses. From the figure, it is possible to notice the excludedring around the ON region. The colour scale shows the counts for the pixels ofthe corresponding panel.

Figure 9.10: Application of theWobble Multiple Off method on the FoV around theUFO 3FHL J0929.2-4110 to measure the photon count in the ON and OFF regions.The FoV is shown in Galactic coordinates. The ON region is highlighted at thecenter of the FoV, at the nominal position of the UFO. The OFF regions are takenat the same distance as between the ON region and the four pointing positions,which aremarked by the black crosses. The colour scale shows the value of countsfor each pixel in the ON and OFF regions.
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9.4.3 Observed datasets and event energy distributions

With the technique described in the previous section, the statistics of the four UFOdatasets is collected. The live time, the mean zenith angle of the observations,the ON and OFF counts, the α parameter averaged over all the observations andthe excess significance in the ROI, derived with the H.E.S.S. observations of theUFOs, are summarized in Tab. 9.3. Then, event energy distributions are built. Thedistributions for the ON and OFF regions, for the four UFO datasets, are shownin Fig.9.11. The different live time between the datasets reflects the much moreavailable statistics for the UFO 3FHL J0929.2-4110. For each of the four datasets,a safe energy threshold is defined by taking the value of the energy at which theacceptance of the H.E.S.S. instrument reaches the 20% of its maximum value. Theacceptances for the four datasets are shown, in energy bins, in Fig. 9.12. Theacceptances are built considering the value of Aeff,k(Eγ) for each run k in the cor-responging dataset. The final distributions are computed as a time average ac-ceptance, using the observed time Tobs,k of each run k. The spatial response ofthe instrument is taken into account for each run k because the acceptance termdepends on the angular distance between the reconstructed event position andthe pointing position of the run k. In the ON and OFF distributions, fluctuationsin some energy bins are clearly visible. However, for the energy bins consideredabove the energy threshold, by following the statistical approach of Ref. [247], nosignificant gamma-ray excess is found neither in the ON source region nor any-where else in the field of view. The photon count and the energy binning from theevent energy distributions are used later for the computation of upper limits onthe free parameters of the searched emission model.

Name Live time Mean zenith angle NON NOFF ᾱ Significance[hours] [degrees] [counts] [counts] [σ]3FHL J0929.2-4110 27.4 29.0 424 5884 13.9 0.13FHL J1915.2-1323 3.6 19.4 87 1181 13.9 0.23FHL J2030.2-5037 9.8 31.3 160 2192 13.9 0.13FHL J2104.5+2117 6.8 46.7 73 853 13.9 1.1
Table 9.3: H.E.S.S. data analysis results for each UFO. The second and thirdcolumns give the live time and mean zenith angle of the H.E.S.S. observations,respectively. Count numbers measured in the ON and OFF regions are given inthe fourth and fifth columns, respectively, with the α parameter averaged overall observations, ᾱ, given in the sixth column. The seventh column provides themeasured excess significance between the ON and OFF counts.
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Figure 9.11: Event energy distributions for the UFOs 3FHL J0929.2-4110 (top leftpanel), 3FHL J1915.2-1323 (top right panel), 3FHL J2030.2-5037 (top left panel) and3FHL J2104.5+2117 (top right panel), built with theWobbleMultiple Off method, areshown. The red and the black distributions are for the ON and OFF regions, re-spectively. Empty bins are present at high energies, this is due to lack of statisticsbecause of the limited available time for the observations.
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Figure 9.12: acceptances, as function of the energy, for 3FHL J0929.2-4110 (blueline), 3FHL J1915.2-1323 (red line), 3FHL J2030.2-5037 (green line) and 3FHLJ2104.5+2117 (black line) are shown, respectively. The acceptances are built withthe Combined Stereomethod.

9.5 Upper limits on the dark matter emission pa-
rameters

9.5.1 ⟨σv⟩ × J as free parameters
The gamma-ray expected flux from annihilating DM particles including J-factordefinition has been already expressed by Eq. 3.12. The distribution of DM in theobserved object is described by the factor J(∆Ω), the J -factor. This is obtainedwith the integration of the square of the DM density over the line-of-sight (los)
s and solid angle ∆Ω. For objects like dwarf galaxies, it is possible to measurethe stellar dynamics and the distance from Earth, therefore an estimate of the
J -factor can be obtained. For the UFOs, neither stellar dynamics nor distancefrom Earth can be measured from stellar kinematics. Consequently, the J -factorcannot be derived from this procedure. Thus, the product of ⟨σv⟩ by the J -factoris considered as the free parameter of the emission model when upper limits arecomputed.
9.5.2 Upper limits computation
The spectral features from the DM annihilation signals with respect to the back-ground only emission are searched with a binned Poisson maximum likelihood
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analysis. The energy range of each UFO dataset is divided into 62 logarithmically-spaced bins from 100 GeV up to 70 TeV. The Poisson likelihood function is com-puted in each energy bin i, for fixed DM mass and annihilation channel, as waspreviously shown in equation 4.8. In the likelihood function, the termNS′ i is fixedto NS′ i ≡ 0. This can be explained assuming that the UFOs are point-like sourcesfor H.E.S.S., therefore no leakage of DM signal is expected in the background re-gion. Since no significant excess is found in any of the selected UFOs by H.E.S.S.,upper limits can be derived under the assumption that UFOs emit in gamma-rayfrom DM self-annihilation.
The computation of upper limits is performed through a log-likelihood ratiotest statistic (LLRTS) given by Eq. 4.8. The LLRTS profiles for the four UFO datasetsare shown in Fig. 9.13, for the τ+τ− annihilation channel and oneDMparticlemass

mDM. Following the procedure defined in Ref. [147], upper limits are computed
assuming a positive signal, i.e., the term N̂Si entering the TS is taken as N̂Si >
0. The value ⟨σv⟩J , for which the TS value is equal to 2.71, is taken as the one-sided 95% confidence level (C.L.) upper limit on the quantity ⟨σv⟩J . Upper limitsthat are obtained with the H.E.S.S. analysis are shown in Fig. 9.14. The resultsfor the four UFOs are shown, in theW+W− and τ+τ− annihilation channels. Formost of the DM masses considered in this work, the most constraining limits arederived from the 3FHL J0929.2-4110 dataset. Constraints for a 1 TeV DM mass of
⟨σv⟩J = 5.5×10−5 GeV2cm−2s−1 and 1.9×10−5 GeV2cm−2s−1 in W+W− and τ+τ−annihilation channels, respectively, are derived for 3FHL J0929.2-4110.

As was previously shown in Fig. 9.7, the H.E.S.S. upper limits are superimposedto the TS contours derived for the Fermi-LAT analysis. As explained in Sec. 9.3.3,the region inside the contours where TS = −25 correspond to the 5σ detectionfor the Fermi-LAT observations. These contours show the DM models that areviable according to the Fermi-LATmeasurements. TheH.E.S.S. upper limits, shownas the green curve, further constrain the available shaded regions. For the UFO3FHL J0929.2-4110, the H.E.S.S. upper limits (showed in Fig. 9.7 on the left panel)restrict the allowed values of ⟨σv⟩J for the description of the DM emission in termof annihilating DM particles to be between ⟨σv⟩J = 5.4×10−6 GeV2cm−2s−1 and5.5×10−5GeV2cm−2s−1, for the annihilation channelW+W− and a 1 TeVDMmass.

9.5.3 Combination of the datasets
The procedure needed for the computation of limits from combined datasets wasalready briefly introduced in Sec. 4.2.5. Here we provide more detailed and quan-titative examples. With the combination of the individual datasets, the hypoth-esis that all the UFOs are DM subhalos, with an indeed too faint emission to bedetected in the TeV energy range with the available exposure, could be tested.The combined analysis of the four H.E.S.S. UFO datasets did not show any sig-nificant overall excess. Therefore, combined upper limits on ⟨σv⟩J could be de-
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Figure 9.13: LLRTS profiles for 3FHL J0929.2-4110 (blue line), 3FHL J1915.2-1323(red line), 3FHL J2030.2-5037 (green line) and 3FHL J2104.5+2117 (black line) areshown for the τ+τ− annihilation channel and a DM particle mass of mDM = 0.98TeV, respectively. 95% C.L. upper limits on the product of the annihilation crosssection ⟨σv⟩ and the J -factor J as a function of the DMmassmDM are derived bytaking the value of ⟨σv⟩J corresponding to LLRTS = 2.71.
rived versus the DM mass assuming J to be an average of the J -factor valuesof the individual datasets. The combined likelihood used in the TS is defined as
Lcomb =

∏Ntargets

j=1 Lj , where Lj is the likelihood of the target j. Given the pos-sible association with an AGN, the source 3FHL J2104.5+2117 is removed fromthe combination to provide conservative combined upper limits. The combined95% C.L. upper limits on ⟨σv⟩J as a function of the DM mass for theW+W− and
τ+τ− annihilation channels, respectively, were already shown in the right panel ofFig. 9.7. The upper limits obtained from the combined analysis are about 10% and20% more constraining for 1 TeV DM mass in the W+W− and τ+τ− annihilationchannel, respectively, with respect to the most constraining upper limits from theindividual UFO datasets. For the W+W− channel and 1 TeV DM mass, the com-bined limits excluded values above 3.7×10−5 GeV2cm−2s−1. For the τ+τ− channelat the same mass, values above 8.1×10−6 GeV2cm−2s−1 are excluded.
9.5.4 Combination methods
We test two approaches for the combination of the UFO datasets. One of the ap-proach consists in the sumof the statistics obtained from the observations. There-fore, the total number of measured events in the ON and OFF regions, for energy
bin i, are built as NON,i,tot =

∑Ntargets

j=1 NON,i,j and NOFF,i,tot =
∑Ntargets

j=1 NOFF,i,j ,
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Figure 9.14: 95% C.L. upper limits on the product of the annihilation cross sec-tion ⟨σv⟩ and the J -factor J as a function of the DM mass mDM in the W+W−

(left panel) and τ+τ− (right panel) annihilation channels for 3FHL J0929.2-4110(blue line), 3FHL J1915.2-1323 (red line), 3FHL J2030.2-5037 (green line), and 3FHLJ2104.5+2117 (black line), respectively.
where the index j represents the UFO dataset j. The same procedure is per-
formed for the expected number of background events NBi,tot =

∑Ntargets

j=1 NBi,j .
⟨σv⟩J is considered as identical for each UFO since the same DM models aretested for each of the dataset. However, the J -factor could be different from oneUFO to another. If the UFO J -factors are considered different, no combined lim-its on ⟨σv⟩J could be obtained. Therefore, an average value of the J -factor isconsidered for the computation of combined upper limits. The total number ofgamma-rays expected from DM annihilation, expressed by Eq. 3.12, is obtainedby summing the observed time of the individual datasets. It is then considered as
NSi,tot. With this setup, the total likelihood is built as the product on the 62 energybins Lcomb =

∏62
i=1 Li,tot. However, the combination at the counts level producessome loss of information. This is due to the fact that low sensitivity is obtainedwhen, for instance, NBi,tot and NSi,tot are computed by summing a large valuefor one dataset with two small values for the other two. By doing this, the pos-sible fluctuations due to the different statistics in the datasets are smoothed outand worse sensitivity is obtained. By keeping these three datasets separated, wewould not smooth the fluctuations and obtain a better level of sensitivity. Follow-ing these arguments, the combination of the three datasets is performed at thelikelihood level and used for the computation of the combined upper limits. For

the combination, the equation previously mentioned Lcomb =
∏Ntargets

j=1 Lj is used.These two definition of the combined likelihood are tested to perform the LLRTS
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procedure for the setting of upper limits on ⟨σv⟩J . The LLRTS profiles obtainedwith the two different ways of defining the total likelihood functions Lcomb for aDM mass of mDM = 0.98 TeV, are shown in Fig. 9.15. The poorer sensitivity of theanalysis is clear for the combined LLRTS obtained with the sum of the measuredand expected events. The LLRTS obtained with the product of the likelihood func-tions from the individual datasets is ∼ 27% more constraining at 95% C.L. on thetested free parameter ⟨σv⟩J .

Figure 9.15: LLRTS profiles obtained from the combinedUFOdatasets. The source3FHL J2104.5+2117 is removed from the combination to provide conservativecombined upper limits, since its possible associations with an AGN. The profilesare shown for a DMparticlemass ofmDM = 0.98 TeV and for the annihilation chan-nelW+W−. The two different combination methods are shown. The dashed lineshows the combination obtained with Lcomb =
∏Ntargets

j=1 Lj . The dotted line showsthe combination obtained with the sum of the measured and expected events.

9.5.5 Limits on J -factor values for thermal dark matter
The J -factor values required to explain the emission measured from the UFOsources in terms of DMmodels could be derived if assuming the value of annihila-tion cross section expected for thermal WIMPs (⟨σv⟩th ≃ 3×10−26 cm3s−1) [347]).The upper limits on the J -factor, at 95% C.L., for the combined dataset are shownin Fig.9.16. From the figure, the constraints on the J -factor values by consider-ing both the TS contours from the Fermi-LAT analysis and the green curve limitsfrom the H.E.S.S. analysis could be derived. Considering a DM particle with mass
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of 1 TeV, the J -factor values for the W+W− channel are constrained to be be-tween 2.4×1020 and 1.3×1021 GeV2cm−5, when the DM models are consideredwith TS ≤ −25 (correspondent to ≥ 5 σ confidence interval assuming TS fol-lows χ2 distribution). When instead a DMmass of 10 TeV is considerd, no J -factorvalue for DM models in the TS ≤ −25 shaded area are left available due to theH.E.S.S. constraints. For the τ+τ−, the H.E.S.S. limits are even more constraining.For a DM particle with mass of 300 GeV, the allowed range for the J -factor val-ues is constrained between 1.4×1020 and 5.9×1020 GeV2cm−5 for TS ≤ −25 DMmodels. More in general, the H.E.S.S. constraints limited the range of the allowed
J -factor values for theW+W−channel to 6.1×1019−2.0×1021 GeV2cm−5, and themasses to lie in the 0.2 - 6 TeV range. In the τ+τ− channel, the J -factor values arelimited to the range 7.0× 1019 − 7.1× 1020 GeV2cm−5, for DMmasses between 0.2and 0.5 TeV.
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Figure 9.16: Contours of TS computed from the Fermi-LAT analysis of the com-bined UFO datasets. Under the assumption of values of ⟨σv⟩ expected for ther-malWIMPs, the contours are given in the (J ,mDM) plane for theW+W− (left panel)and τ+τ− (right panel). TS contours corresponding to TS = −9 and −25 are givenby the cyan and orange dashed lines. The H.E.S.S. 95% C.L. upper limits from thecombined UFO datasets are overlaid as the solid green line.

9.6 Constraints from cosmological simulations
The number of subhalos with DMdistribution described by a J -factor value higherthan a given value for a MW-like galaxy could be extracted from the distribu-tion in Fig.9.3. Following the predictions from N-body cosmological simulations,the probability to have at least three subhalos with a J -factor higher than 1020GeV2cm−5, given by the blue-dotted line in Fig. 9.3, is below 5%. The interpreta-tion of the UFO emissions as gamma-ray from DM particle annihilation in GalacticDM subhalos could be further constrained from Fig. 9.16 to mDM ≲ 1 TeV for
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W+W− and mDM ≲ 0.3 TeV for τ+τ− channels. Therefore, the required high J -factor values for the DM models necessary to explain the UFO emission as fromGalactic DM subhalos are unlikely. Nevertheless, there are large systematic un-certainties in the prediction of the J -factor distribution shown in Fig.9.3. Theseuncertainties weaken significantly the constraints from cosmological simulations,making them comparable to or weaker than the H.E.S.S. constraints in, e.g., the
τ+τ− channel. Therefore, the only relevant constraints for robust interpretationof the UFO sources as Galactic subhalos of annihilating DM are the H.E.S.S. ones.More discussion about the uncertainties affecting the derivation of the J -factordistribution is provided in the next section.

9.6.1 Uncertainty on the simulations
The parameters for the definition of the J -factor distribution shown in Fig.9.3were taken from the "HIGH" model in Ref. [217]. The distribution agrees verywell with the results shown in Ref. [217] computed with the "HIGH" model. Thismodel aimed at predicting the highest possible number of subhalos in a typicalMW-like galaxy. When considering the predictions for the "LOW" model of [217],the real number of DM subhalos can be an order of magnitude smaller. The num-ber of subhalos of masses between 108 and 1010 M⊙ was fixed toNcalib = 300. Thisvalue can bemotivated by the output of the DM-only simulations in [343]. This val-ues can be significantly reduced by baryon feedback, up to a factor of two [281,332]. Including baryon feedback would therefore make the highest J -factor val-ues more unlikely. The interpretation of UFOs as DM subhalos of TeV-mass scalethermal WIMPs requires J -factor values larger than a few 1020 GeV2cm−5. Thisrange of values is only occasionally obtained in N-body simulations of MW-typegalaxies. Moreover, a large statistical variance usually affects the highest subhalo
J -factor. In the "HIGH"model, a factor-of-ten uncertainty on the J -factor value forJ≳ 1020 GeV2cm−5 is expected [216]6. The maximum value of J -factor that can beobtained in simulations depends on the adopted model. It can be increased evenin comparison to the optimistic estimate of the J -factor distribution consideredhere as discussed below. About 10% of the total DM halo content is assumed tobe in form of subhalos for the usual normalization of the subhalo mass function.For the normalization of the total DM halo density, the DM density at the locationof the Sun ρ(r⊙) = ρ⊙ = 0.39 GeVcm−3 is usually utilized. However, uncertainties ofabout a factor 1.5 to 2 [322] affect this precise value. The input parameters of thesimulations in the relevant ranges of interest, such as ρ⊙ = 0.6 GeVcm−3 and thescale radius of the main DM halo rs = 25 kpc, can be varied to increase the high-est J -factor values by a factor of two. Therefore, higher J -factor values would be

6For predictions with the "LOW" model, since the probability to get high J-factor values wouldbe lowered with respect to what is obtained with the "HIGH" model, the interpretation of UFOs asDM subhalos would be even more unlikely.
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probed by the predicted cumulative J -factor distribution. Also, the cumulative J -factor distribution can be shifted to higher valueswhen considering substructuresin galactic subhalos (see, for instance, [203]). This would result in higher expected
J -factor values for the Galactic subhalo population with typical increase factors ofa few. The highest J -factor values are realized for the brightest subhalos. The lat-ter should appear as extended sources for Fermi-LAT, considering its point spreadfunction of about 0.1◦ above 10 GeV. This is discussed in Ref. [146]. Nevertheless,these brightest DM subhalos would still be faint gamma-ray sources with a spatialextension challenging to measure for Fermi-LAT. Point-like UFOs cannot be ruledout yet as potential DM subhalos and further work is needed to do so on the sim-ulation front for predictions for subhalo angular sizes in MW-like galaxies.
Uncertainties due to parameterization of the dark matter distribution

In this work, the DM density distribution for the Milky Way halo has been cho-sen as following the NFW parametrization. The inner cusp of the DM profiles inMilky Way-like galaxies is softened by incorporating hydrodynamics and baryonfeedback in cosmological simulations, producing a flattening of order 1 kpc [118].However, the expected DM distribution is predicted with large uncertainties dueto the effects of baryonic physics. The resolution limit of the simulations at suf-ficiently small distances is another important factor. Alternative Galactic massmodels can be used to describe subhalo parameters for Milky Way-like galax-ies [113, 269, 349, 270]. For example, the subhalo luminosity functions derivedin [349] provide compatible results for different Galactic mass models. Adoptinga core profile for the DM distribution would make the high DM mass exclusionof the DM models for the UFO emission even stronger. Cored profiles could beused to describe the DM distribution for DM subhalos. This would lead to lowerDM concentration, which would make the subhalos more subject to tidal disrup-tion. Therefore, the J -factor distribution would have a lower normalization and itwould be shifted to lower values. The distribution of J -factor values is obtainedfrom DM-only Via Lactea-II simulations, with WMAP cosmology. Simulations withmost recent cosmological results from the Planck mission, which includes bary-onic physics, could produce some changes in the predicted properties of the MWsubhalos. The DM concentration of subhalos can be altered by baryon feedbackand tidal effects, deriving by the presence of both DM and baryons [156, 349].Ref. [159] provides details on how the tidal disruption of Galactic DM subhalos onthe brightest subhalo is modeled. Including effects due to baryonic physics wouldtherefore shift the J -factor distribtion to lower values. This would make the prob-ability to find high J -factor values even smaller and constrain even more the DM-induced interpretation of the UFO emission. In addition, baryons affect the massfunctions of DM halo and subhalos. The slope can be reduced by a few percentin the 106 - 109 M⊙ mass range of subhalos [74]. The large J -factor subhalos ratecan be altered by the changes of the slope. No cut is considered for the maximal
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value of the subhalo mass during the computation of the cumulative J -factor dis-tribution. Simulations, with the inclusion of hydrodynamics and feedback physicsin addition to the gravitational effects for the expected DM distribution in boththe main halo and its subhalos such as in [372], show that a significant fractionof subhalos with masses of about 109 M⊙ is found to host no stars. However,when the subhalo mass is larger than about 107 M⊙, the subhalos may be able totrigger star formation and actually be faint dwarf galaxies. Naturally, the valuesfor these masses critically depend on how the baryonic physics is implementedin the simulations and how its feedback is associated. If the subhalo mass is cutover 107 M⊙, a probability of about 0.3% is reached for the case of at least onesubhalo with J ≥ 3×1020 GeV2cm−5. This is a factor of about 16 lower that in thecase without mass cut.

9.7 Conclusions and outlook

In this work, the unidentified sources in the 3FHL point-source catalog has beenfiltered using selection cuts to identify the most promising DM subhalo candi-dates for DMmasses above a few hundreds of GeV. UFOs sources may be subha-los emitting gamma-rays from DM annihilation. Some alternative interpretationsabout the nature of UFOs consider them as active galactic nuclei or other type ofgalaxies of unknown emission at other wavelengths. Interpreting the gamma-rayemission as from pulsars or low-luminosity globular clusters hosting millisecondpulsars [276] may not describe well the UFO spectra, since the former show en-ergy cut-offs at energies of a few GeV. The main outcomes of the chapter are:
• the four UFO datasets were collected with observations with the Fermi satel-lite in a 12-year observation period. Previous studieswith Fermi-LAT datasetstested unidentified sources as DM subhalo candidates only for DM massesbelow 100 GeV [84, 85, 145];
• the presented analysis explores theuncharted TeV-mass thermalWIMPmod-els for the interpretation of UFOs as DM subhalos. H.E.S.S. observed thefour selected UFOs between 2018 and 2019;
• no significant signal is found in the H.E.S.S. UFO datasets and the DM mod-els, describing theUFOemissionswith high significance in the Fermi-LAT anal-ysis, are strongly constrained by the H.E.S.S. flux upper limits in the TeV DMmass range for different annihilation channels;
• frommodel-dependent predictions fromN -body simulations of theMW-likesubhalo population, the DM models applied for the explanation of UFOs asGalactic subhalos require high J -factor values, which are unlikely;
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• UFOs could be interpreted as subhalos of relatively light WIMPs withmasses
mDM ≲ 0.3 TeV.

Previous studies shown in Ref. [146] rule out masses of few tens of GeV forcanonical thermal WIMPs for the interpretation of UFOs as subhalos. For UFOsmade of light WIMPs, lower J -factor values are required. However, constraintson thermal WIMPs from dwarf galaxy observations by Fermi-LAT [23, 44] could bein tension with these hypotheses. The prediction of the J -factor distribution areaffected by the mentioned large systematic uncertainties. These make the con-straints from cosmological simulations weak. Thus, the former can be consideredas comparable to or weaker to the H.E.S.S. constraints in, e.g., the τ+τ− channel.Therefore, the model-independent H.E.S.S. constraints are the only relevant onesfor robust interpretation of UFOs as Galactic subhalos of annihilating darkmatter.New constraints on expected DM emission from candidate subhalos can beobtained fromnewobservations. The best candidatewithin the 3FHL catalog havebeen already observed and analysed by H.E.S.S.. In this analysis, we showed thebest constraints that can be obtained in the TeV mass range with H.E.S.S.. Ob-servations with CTA of new candidates or the same ones could be useful to setmore constraining limits given the better energy sensitivity and energy and angu-lar resolution that the Cherenkov Telescope Array will reach. However, given thepresent limits and the fact that DMmodels at GeV energies have been already ex-cluded by Fermi-LAT measurements, analysis of DM subhalo candidates for limitson the parameters for DM self-annihilation may not be the best strategy to aim atDM detection. Moreover, the brightest subhalos in the Fermi catalogs have beenalready analysed and even with some years of observations with CTA the even-tually observed candidate subhalos would be faint. Considering the analysis ofextended subhalos, a more detailed analysis of IACTs datasets would be neededfor sources that are not point-like. This work has been published in The Astrophys-
ical Journal [10].
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Chapter 10

The sensitivity reach of H.E.S.S. like
observations to TeV Dark Matter
annihilation signals
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SummaryIn this chapter, the sensitivity reach of H.E.S.S. like observations to signals fromself-annihilating TeV DM particles is explored using mock data from H.E.S.S. II-like observations of the GC region. The most advanced calculations available forthe theoretical gamma-ray annihilation yields are applied in a wide range of DMmasses in order to make an estimate of the theoretical uncertainty in the sensi-tivity expectation. We test specific and canonical heavy dark matter models suchas the Wino, the Higgsino and the Quintuplet. For the description of the DM dis-tribution we make use of updated Milky Way mass profiles from the latest mea-surements of the MW rotation curve. In Sec. 10.1 we show the comparison oftwo gamma-ray yields, and the models for DM distribution in the Milky Way usedin this work. For the background modeling, we consider realistic assumptionson the conventional TeV astrophysical backgrounds in the Galactic Center regionand assign motivated uncertainties from IGS observations and analysis. We com-pute the H.E.S.S. sensitivity to DM annihilating in the 0.5 - 100 TeV mass range formodel-independent searches as well as in the framework of the Wino, Higgsinoand Quintuplet models. For the derivation of the limits we make use of the log-likelihood-ratio test statistic analysis widely described in Sec. 4.2. Sec. 10.2 showsthe definition of the region of interest for the DM search, the exclusion regions onthe known VHE sources and the statistical methods used for the computation ofthe sensitivity limits. In Sec. 10.3, we show the obtained limits and, in Sec. 10.4, wedescribe the uncertainties considered for this work. We conclude with Sec. 10.5together with some outlooks. At the time of the writing, more contributions to theconventional background emissions in the GC region are being explored. At themoment of the writing, the results shown in this chapter have been submitted asan article to Physical Review D [282].
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10.1 Theoretical expectations for DarkMattermod-
els

The computation of the energy-differential flux of gamma rays produced by theself-annihilation of MajoranaWIMPs of massmDM is shown in Sec. 3.8. In this sec-tion, we briefly discuss the expected gamma-ray annihilation yields from themostadvanced calculations available as well as updated Milky Way mass profiles fromlatest mass-modeling measurements of the MW rotation curve. We use these forthe derivation of the sensitivity with mock datasets of H.E.S.S.-like observations.
10.1.1 PPPC4DMID and HDMSpectra gamma ray yields
In this work wemake use of two gamma-ray yields for the production of the spec-tra of photons expected from DM particles self-annihilating. The code for theproduction of the yield from PPPC4DMID is extracted from Ref. [124]. The otheryield, HDMSpectra, is extracted from the public software in Ref. [55]. Being out-side the scope of this work, we refer the reader to the two references for a de-tailed description of the theoretical studies performed for the derivation of theyields. We show in Fig. 10.1 the comparison of the spectra of photons expectedfrom self-annihilating DM particles in theW+W− channel for the two gamma-rayyields PPPC4DMID and HDMSpectra. The spectra are shown for DM particles withmasses mDM = 1, 10, 50 and 100 TeV. Also shown are the gamma-ray yield forself-annihilation into the three neutrinos channels, νµνµ, νeνe and ντντ for furthercomparison with limits obtained with ANTARES in Sec 10.3. Final state neutrinosproduced from annihilation of DM particles may emit W and Z gauge bosonswhich in turn would produce continuous gamma-ray spectra [321]. Examples ofspectra of DM particles self-annihilating in the three channels are shown fromthe HDMSpectra yield, and for DM masses mDM = 20, 40, 60, 80 and 100 TeV, inFig. 10.2.
10.1.2 Canonical TeVWIMPcandidates: Wino, HiggsinoandQuin-

tuplet
WIMPs are intimately associated with supersymmetry, emerging as expected DMparticles from SUSYmodels, but the absence of evidence for this framework fromcollider searches may undermine the motivation for WIMPs themselves. It is truethat the full motivation for the search for WIMP signatures is not what it was sev-eral years ago, the scenario remains among the most compelling. The eleganceof the thermal relic cosmology is one of the driving factors: DM detaches from theprimordial plasma with the correct relic abundance for ⟨σv⟩∼ 10−26 cm3/s [347].This is the exact level at which the late time annihilations in the Galactic Centercould be detectable. Therefore, for model-independent searches it is worthwhile
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Figure 10.1: Spectra of photons expected for self-annihilating WIMPs in the
W+W− annihilation channel for mDM = 1 (solid lines), 10 (dashed lines), 50(dashed-dotted lines) and 100 (dotted lines) TeV from the PPPC4DMID [124] (bluelines) and HDMSpectra [55] (red lines) gamma-ray yields.
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Figure 10.2: Spectra of photons expected for self-annihilating WIMPs in the νµνµ,
νeνe and ντντ annihilation channels for mDM = 20, 40, 60, 80 and 100 TeV fromcomputations using the the HDMS [55] code.

to consider DM annihilation around this value of ⟨σv⟩ for the wide range of finalstates.
Strong motivation is still present for having more specific realizations of theWIMP. The most simple minimal field content could be added to the Standard
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Model to explain DM. This can be done with TeV scale states charged under theelectroweak interaction, and including an SU(2) doublet with unit hypercharge,as well as a 3 and 5 representation of SU(2) [125, 129, 126, 128, 130, 261, 227].These states are the Higgsino, Wino, and Quintuplet, and can explain the correctDM abundance through the thermal relic cosmology for masses of 1 ± 0.1 TeV,
2.9 ± 0.1 TeV, and 13.6 ± 0.8 TeV, respectively [129, 205, 214, 72, 277, 101]. Abroad description of the detection prospects for these minimal DM candidates isprovided in Refs. [101, 102]. Higgsino and Wino are also thermal DM candidatesthat realize supersymmetry consistently with LHC observations [47, 175, 190]. Itis still unclear the real paths needed to discover DM in these scenarios (see e.g.Refs. [133, 134]), nevertheless CTA could see a signal from Higgsino [324] and thisstrongly motivates determining the existing IACT sensitivity.

For these reasons, we are evaluating IACT sensitivity to Higgsino, Wino, andQuintuplet in addition to model-independent derived results. As these are fullydefinedmodels, we will use a completely specified particle physics contribution tothe gamma-ray yield. Indeed, by fixing them to the already mentioned values forthe thermal masses, no free parameters at all (up to the choice of the two masssplittings for the Higgsino, discussed below) is left for these models. It is still in-teresting to consider the full range of masses which can be covered with the IACTsensitivity in case the early Universe departed from the thermal relic cosmology.Each of these WIMPs could annihilate into a two-photon final state, which addsas a target the gamma-ray line at the DM mass. However, a full determinationof the cross-section and gamma-ray yield for these models includes Sommerfeldenhancement, resummation of effects of order m/mW , and additional channelsbeyond the direct annihilation to two-photons. The Wino model accounts for allthese effects (for details see Refs. [58, 56, 296, 59, 297, 49, 62, 57, 70, 73]), and wemake use of next-to-leading logarithmic (NLL) computation from Ref. [57]. TheQuintuplet model has been recently extended with the inclusion of the same for-malism and results will soon appear in the calculation of Ref. [61]. The spectrafor both the Wino and Quintuplet are including line-like photons from the two-body decay, lower energy continuum photons (arising from final states such as
W+W−), and also endpoint photons. The Higgsino model does not yet includethe same computation (although see Refs. [60, 71, 69]), and therefore we applyhere the approach in Ref. [324] of including the leading order (LO) computation ofthe line and continuum and the inclusion of Sommerfeld enhancement. Finally,for the Higgsino model we need to specify an additional parameter which is thesplitting between the charged and neutral states in the spectrum, denoted δm+and δmN , respectively. Two benchmarks used in Refs. [60, 324] are chosen for thispurpose: for splitting one, we take δm+ = 350MeV and δmN = 200 keV, saturatingthe limits set by direct detection, and for splitting two we invert these to δm+ =480 MeV and δmN = 2 GeV.

We show in Fig. 10.3 the theoretical spectra of photons associated with the
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continuum and endpoint contributions for Winos at different mDM. The spectrafor lines at mDM are shown too, as pure delta functions. Spectra of photons forthe continuum contribution for several mDM for Higgsinos in splits 1 and 2 areshown in the left and right panels of 10.4 together with the line contributions,respectively. Spectra of gamma-rays produced from self-annihilation of WIMPs inthe Quintuplet model will be shown later.
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10.1.3 Models for theDarkMatter distribution in theMilkyWay
To infer the DM distribution in the inner part of the Milky Way, two complemen-tary approaches are commonly used. When using DM-only cosmological simu-lations (see, for instance, Refs. [341, 161, 344]), cuspy DM distributions are pre-dicted. Common parameterizations for the cuspy profiles are the NFW [292] orEinasto [341] profiles. When baryonic physics and feedback processes are in-cluded in the simulations, the complexity is dramatically increased [333, 213, 315].The DMdistribution can dynamically evolve, due to the presence of complex bary-onic processes in the core of Milky Way-like galaxies, in such a way that kpc-sizedcores depending on the modeling of baryonic physics [281, 118] can be created.Approaches based on mass-modeling make use of gravitational measurementsthe mass profile of the Milky Way and the measurements of the baryonic masscomponents. However, large uncertainties affect the latter. Therefore, these un-certainties propagate to the DM distribution derivation [218, 313]. NFW profileswith wider than 2 kpc are disfavored in the Galactic bulge when using stellar mea-surements [210]. Thus, it is not easy to firmly determine the DMdistribution in theinner halo of the Milky Way and there is no established consensus in the commu-nity on DM profile in the inner Galaxy. In this work, we use a recent computationof the profile of the MW mass, obtained from measurements from Gaia DR2 ofthe rotation curve and thorough modeling of the baryonic components in the GCregion [114]. A profile of the MW, obtained by contraction due to baryons, pro-vides a better fit to the data than the standard NFW profile [114]. Therefore, weadopt two profiles in this work, defined as NFW and contracted NFW (cNFW) pa-rameterizations. This parameterization of the NFW profile is different from theone used in Chap. 8. The NFW profile is further modified with a core of radius
rc = 1 kpc since the adiabatically-contracted DM distribution is significantly un-certain in the inner 1 kpc of the GC due to baryonic physics and the complex in-teraction between feedback processes. The DM density profile is then behavingas ρcNFW(r) = ρcNFW(rc) for r ≤ rc. In order to test the reach of sensitivity ofH.E.S.S. to DM particles annihilating in neutrinos channels, we also consider analternative parameterization of NFW as used in Ref. [43], labeled hereafter as toaNFW for simplicity, for comparison with limits derived from ANTARES data. Weshow the profile parameters used for the computation of the J-factors in Tab. 10.1.We extract the 1σ uncertainties for the profile parameters (ρ⊙,rs) and we furtherpropagate into the J-factor computation, following the determination in Ref. [114].However, the derived 1σ uncertainties on the differential J-factors per solid angle,
dJ/dΩ can be considered as conservative values since the correlation betweenthe uncertainties on ρ⊙ and rs values are not explored in detail here. To comparethese results with the previous ones obtained in Chap. 8, we also use an Einastoprofile for the DM distribution, with parameterization taken from Ref. [11].The cumulative J(< θ) and differential dJ/dΩ are shown in Fig. 10.5 as functionof the angular distance θ from the GC for the three considered parameterizations
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Parameterizations NFW cNFW aNFW
ρ⊙ [GeVcm−3] 0.32 0.34 0.47

rs [kpc] 15.5 23.8 16.1
Table 10.1: Mean profiles parameters (ρ⊙,rs) for the NFW and cNFW parameteri-zations, respectively, extracted from [114]. The last column provides the (ρ⊙, rs)parameters for the aNFW profile, extracted from Ref. [43].
together with their 1σ uncertainty.
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10.2 Prospective sensitivity search on Dark Matter
signal from the Galactic Center

10.2.1 Relevant very-high-energy emissions in theGalactic Cen-
ter

The GC region and the many faint and diffuse VHE emissions populating it havebeen already described in Chap. 5. In this work, we consider three conventionalastrophysical diffuse sources, the H.E.S.S. Pevatron in the GC [18], the low-latitude
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FBs emission [24, 286] and a possible contribution from millisecond pulsar (MSP)in the Galactic bulge [257] postulated to explain the "Galactic Center Excess" [257].
The current H.E.S.S. measurements for the Pevatron localize the emission inthe inner ∼ 75 pc around the GC. The modeling of the FBs is done according tothe best-fit spectrum above 100 GeV from Ref. [286] and the spatial morphologyas from Fermi-LAT spatial template, derived from the FBs using Fermi-LAT obser-vations following Ref. [198]. As we have already explained in Chap. 7, gammarays in the Fermi-LAT analysis are derived up to ∼ 1 TeV, however the poor pho-ton statistics above 100 GeV prevents us from performing detailed morphologicalstudies in this energy range. Therefore, the spatial template is assumedas energy-independent. This latter assumption is conservative since any more detailed de-scription of the template of the Bubbles would producemore constraining resultson the spectrum, which would reflect amore constrained background in our anal-ysis. Self-annihilation ofWIMPs, spatially distributed as a generalizedNFWprofileswith inner slope of about 1.2 [212, 4, 184], is a possible explanation for the thegamma-ray excess (GCE) in the inner halo of the MW derived from Fermi-LAT ob-servations (see, for instance, Refs.[211, 3, 184, 256, 41, 24]). However, from morerecent studies, it emerged that non-spherically symmetric stellar density distribu-tion of a population of millisecond pulsars in the Galactic bulge can well describethe GCE spatial morphology. Electrons are accelerated by the magnetospheresof pulsars in wind regions and could then escape the pulsar environment. Theycan then undergo inverse-Compton scatter on ambient radiation fields to pro-duce VHE gamma rays. We assume the spatial morphology of the MSP emissionat VHE as following the Boxy Bulge distribution described in Ref. [257]. EnergeticCRs interacting with interstellar material and ambient photon fields give rise todiffuse gamma-ray emission known as the Galactic diffuse emission (GDE). Thelatter is the result of π0 decay Bremsstrahlung, and inverse Compton scattering(ICS) processes. The majority of photons detected by Fermi-LAT [25] is constitutedby GDE in the energy range fromMeV up to about 1 TeV. The uncertainties inher-ent to models for the GDE currently limit the DM detection potential of analysiswith the Fermi satellite datasets, but is not yet the case for H.E.S.S. [7]. At the timeof the writing, we are working to include GDEmodels in the expected backgroundto estimate the sensitivity reach of the current generation of IACTs but the shownresults do not include the latter yet.

10.2.2 Definition of the region of interest

As for the previous analyses for the search for DM annihilation signal towards theGC region, we define the ROI, or ON region, as a disk centered on the dynamicalcenter of the Milky Way, following the procedure adopted in Refs. [13, 11, 323,7]. The same scheme for the construction of the ROIs have been described inSec. 8.2.2. To represent the coverage of the GC region reached with the observa-
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tions carried out with the H.E.S.S. Inner Galaxy Survey, we define the ROI radiusup to 4◦. The signal region is therefore constituted as concentric annulii with innerradius spanning from θi = 0.3◦ up to θi = 3.9◦. The ROI is further divided into 37regions defined by the annulii to exploit the spatial and spectral characteristicsof the DM signal with respect to the background. As was already explained, weuse conservative masks on several regions harboring VHE sources to avoid leak-age of astrophysical signal in the ROI and the challenging modeling of complexconventional astrophysical background. For this work, a box with Galactic longi-tudes |l| < 1◦ and Galactic latitudes |b| < 0.3◦ is excluded to mask VHE sources inthe Galactic plane. Moreover a disk with radius of 0.8◦ centered at (l, b) = (-1.29◦,-0.64◦) for HESS J1745-303 is excluded too. Other background emissions in the re-gion are modeled, as we explain later in the next section. We show in Fig. 10.6 theexpected fluxes for ROI 2 in the left panel. We show DM fluxes for DM particles ofmass of 3 TeV self-annihilatingwith ⟨σv⟩ = 10−27cm3s−1, for theNFWand cNFWDMdistributions, respectively, together with relevant instrumental and astrophysicalfluxes.
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Figure 10.6: Left panel: Spectra of gamma-rays expected from WIMPs of mass
mDM = 3 and 10 TeV self-annihilating in the W+W− channel and with a velocity-weighted annihilation cross section ⟨σv⟩ = 1×10−27 cm3s−1. Cosmic ray fluxes forhadrons (proton + helium) (solid black line) and electrons (orange line) are plottedtoo. We show the three conventional astrophysical emissions: the diffuse fluxesfrom the H.E.S.S. Pevatron [19] (green line), the base of the Fermi Bubbles [286]and the expectation from the MSP-bulge population for two different values ofthe cut-off energy for the electron IC emission [257]. All the energy-differentialgamma-ray fluxes are given for ROI 2. Right panel: Energy-differential count ratesas a function of energy for signal and background in ROI 2.
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10.2.3 Expectedbackgroundsanddarkmatter signal in theGalac-
tic Center

We model the expected background in the region for the search of DM signal bythe known sources of residual and conventional emissions.CR protons and nuclei entering the atmosphere produce hadronic showersthat can usually be discriminated against by the gamma-ray showers. Neverthe-less, some hadronic showers are misidentified as gamma-ray ones, i.e. the rejec-tion power is finite and this limit has to be taken into account. Then, by followingRef. [81], we define the expected number of events produced by a flux of CR pro-tons and helium nuclei, as well as electrons and positrons. To encode the finiterejection power on protons and helium nuclei, we consider a constant rejectionfactor of 10 [324, 153, 79]. The reconstructed primary interaction depth on theincident particle in the atmosphere can be used to distinguish between showersinitiated by electrons and positrons and by gamma-rays. As shown in Chap. 3, wecan compute the number of signal events NSi,j in the ith ROI of solid angle ∆Ωiand jth energy bin of width ∆Ej for a given DM annihilation channel and densityprofile. We use the equation:
NS,ij = Tobs,i

∫ Ej+∆Ej/2

Ej−∆Ej/2

∫ +∞

−∞

dΦS,ij

dE ′ (∆Ωi, E
′)Aγ

eff(E
′)G(Ej − E ′)dE ′dE , (10.1)

where we use Eq. 3.9. The other terms have already been defined for the case ofEq. 3.9. We use again the energy-dependent effective area for gamma rays Aγ
eff ,and the finite energy resolution of the instrument modeled as a Gaussian energyresolutionGwithσ/E = 10%. Wedefine similarly the number of background events

NBi,j in the ith ROI of solid angle ∆Ωi. To do so we substitute dΦDM
γ,i,j/dE × Aγ

eff by
dΦCR

i,j /dE×ACR
eff +dΦConv

γ,i,j /dE×Aγ
eff , where dΦCR

i,j /dE and dΦConv
i,j /dE are the flux ofcosmic rays and conventional gamma-ray background, respectively. The energy-dependent acceptance for the hadronic (proton, helium) CR flux is given by ACR

eff= ϵCRAγ
eff , with ϵCR being the CR efficiency. The flux of photons from the residualbackground is modeled from protons, helium and electrons as power laws. Forthe first two spectra, we define the fluxes as dΦ(E)/dE = N×(E/1TeV )k. A morecomplex function is adopted for the electrons: dΦ(E)/dE = N × (E/1TeV )k +

L/(Eω
√
2π) exp(−(ln(E/Ep))

2/2ω2). The parameters of the spectra are reportedin Tab. 10.2.Since a fraction of hadronic CR remains identified as gamma-rays, ϵCR is as-sumed to be 10% over the full energy range considered here. This allows us toreach a photon efficiency of higher than 95%[153]. We extract the gamma-ray ac-ceptance for observations with full five-telescopes H.E.S.S. array from Ref. [209].This ensures a realistic description of the IGS observations, largely explained inChap. 6 and used for the analyses in Chap. 8 and 7. Refined descriptions of theinstrument response function would require dedicated simulations of both the
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Particle N k L Ep ω[1/TeV m2 s sr] [TeV]p 0.096 -2.70He 0.0719 -2.64e 6.85×10−5 -3.21 3.19×10−3 0.107 0.776
Table 10.2: Parameterizations for the fluxes of CR spectra of protons, electronsand helium as extracted from Ref. [324].
instrument and the observations, which is beyond the scope of this study. An ho-mogeneous time-exposure of 500 hours is assumed to represent what has beenachieved with the IGS dataset. We define the differential count rates followingEq. 10.1, for each considered emission in ROI i, by:

dΓS,Bij

dE
=

dNS,Bi,j

Tobs,i dE
. (10.2)

We show in the right panel of Fig. 10.6 the rates expected from DM annihilationsignal, CR, and the above mentioned conventional astrophysical emissions, i.e.,the PeVatron, FBs and MSPs, for ROI 2.
10.2.4 Statistical analysis method
The computation of the H.E.S.S. sensitivity to the DM signal is performed throughthe application of a 2D LLRTS. As already mentioned, we are using Poisson distri-butions in the likelihood function (see Sec. 4.4.1). The latter is built with spectraland spatial bins (i, j) for two statistically independent measurements (ON, OFF)as defined in Eq. 4.11. In what follows, we obtain the OFF number counts fromsimulations of the backgrounds, therefore, αi = 1 and N ′

Si,j = 0. The systematicuncertainties are included through the Gaussian nuisance factor in the likelihoodfunction as described in Sec. 4.4. The term βi,j is applied again as a normalisa-tion factor to the expected number of events. The width of the Gaussian functionis defined as σβi,j
. βi,j is derived by the maximization of the likelihood functionas dLi,j/dβi,j ≡ 0, for a given value of σβ,ij . We consider the uncertainty on the

J -factor in the likelihood function by factorizing in Eq. 4.11 a nuisance parame-ter following a log-normal distribution with mean J̄ and width σJ as we alreadyintroduced in Sec. 4.5.2.We derive the J -factor, Ĵ , maximizing the likelihood function and use it inEq. 4.11 to renormalize the number of expected events from DM asNS → NSĴ/J̄ .Then, the full likelihood is obtained by the product of the binned function overthe spatial and spectral bins, i.e. L =
∏

ij Li,jLJ
i . Then, we obtain the limits onthe free parameter ⟨σv⟩ with the likelihood function L and the data, as functionof the DM mass. We use the TS as defined in Sec. 4.2. We want to set one-sided
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95% C. L. upper limits on ⟨σv⟩, therefore we extract the values on ⟨σv⟩ for TS =2.71. This procedure is applied to compute the limits shown in the following. Wehave already discussed that we can compute the expected sensitivity by generat-ing a large number of Monte Carlo simulations of ON andOFFmeasurements anddetermine mean expected limits and associated containment bands through theTS in Sec. 4.4. We have also discussed the alternative procedure with the Asimovdataset [147]. For the latter, we do not perform realizations of the backgroundin the signal and background regions, but we consider the mean dataset valid for
NON ≡ NOFF. We use this for the computation of the mean expected sensitivityin this work. We can also use the Asimov approach to compute the containmentbands of the expected sensitivity. We define the N-sigma containment band bycalculating TS = (Φ−1(0.95) ± N)2, where Φ−1 is the inverse of the cumulativedistribution function for the standard normal with µ=0 and σ=1.

10.3 Sensitivity limits
We compute the sensitivity limits, expressed as the mean expected upper limitsat 95% C.L. on the annihilation cross section ⟨σv⟩ as a function of the DM particlemass from 0.5 up to 100 TeV.We use the HDMS gamma-ray yield for the computa-tion. However, the energy range for the binning of the event energy distributionsused for the statistical analysis extends up to 70 TeV.We will show limits computed following the Asimov approach. The percentagedifference between the limits computed with the Asimov and the MC realizationsapproaches is shown in Fig. 10.7. This example is obtained for DMparticles annihi-lating in theW+W− annihilation channel and distributed as the NFW profile usedin this chapter. The mean expected limits and the 1σ containment band differsup to 5% and 4%, respectively, in the probed mass range. The small differencebetween mean expected limits shows that the utilized approach of the Asimovdataset, despite being a simplification with respect to the realizations approach,is solid and does not introduce distortions in the obtained limits.
10.3.1 Sensitivity to Dark Matter models
The limits for DM particles annihilating in the various channels and distributed ac-cording to the NFW and cNFW profile paramterizations of the Milky Way DM haloconsidered in this chapter, are shown in the left panel of Fig. 10.8. For DM par-ticle with mass of 1.5 TeV, the limits exclude ⟨σv⟩ down to 9.5×10−26cm3s−1 and3.6×10−26cm3s−1 for the W+W− and τ+τ− annihilation channels and the NFWprofile, respectively. A degradation by a factor of 2.6 in the limits is obtainedwhenadopting the cNFW parameterization. The right panel of the same figure showsthe limits for DM particles annihilating in the channels ντντ , νµνµ and νeνe, forthe NFW parameterizations of the MW DM distribution used in Ref. [43], referred
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Figure 10.7: Comparison between the upper limits obtained for the Asimov andMC realizations approaches expressed as percentage differences of the mean ex-pected upper limits (solid line) and the 1σ containment band (dashed line) on ⟨σv⟩(see text for more details) as a function of the DMmassmDM. The expected limitsare computed at 95% C. L. on ⟨σv⟩ for theW+W− channel derived for a H.E.S.S.-like mock dataset of GC observations.
as to aNFW profile in Tab. 10.1. The 90% C.L. mean expected upper limits fromthe ANTARES analysis in Ref. [43] for DM particles annihilating in νµνµ are super-imposed for comparison. With the obtained limits with H.E.S.S. we reinforce thestatement that gamma-ray telescopes play an important role in the constraints ofDM annihilating in neutrino channels [321].

Mean expected upper limits at 95% C.L. on the annihilation cross section ⟨σv⟩as a function of the DM particle mass from 0.5 up to 100 TeV are computed forcanonical DM candidates as the Wino, the Higgsino split 1, and the Quintuplet,respectively. The difference in the limits between Higgsino split 1 and split 2 arenegligible and therefore we show here only one case. The top panels of Fig. 10.9shows the limits for the annihilating canonical DM candidates for the NFW profile.Mean expected upper limits are shown together to 1σ and 2σ containment bands.The theoretical cross sections and the thermal mass values are shown too. Thebottom panels show the mean expected upper limits for the NFW and the cNFWprofiles, respectively. The limits computed for the line-only spectrum are com-pared to the full-spectrum ones. For the Quintuplet model, the limits computedfor endpoint plus line contributions are shown too. Note that for the Higgsinofull-spectrum limits no endpoint contribution is available in the gamma-ray yieldscomputation yet [324].
DM as made of Winos is excluded for both the distributions that we are using.With the assumption that Wino is either non-thermally produced or constitutes a
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Figure 10.8: Left panel: Mean expected upper limits at 95% C. L. on ⟨σv⟩ as a func-tion of the DMmassmDM for theW+W−, ZZ ,HH , bb̄, τ+τ−, µ+µ−, tt̄ and e+e− an-nihilation channels for the computation of the gamma-ray yields from HDMS [55]for the NFW and cNFW profile parameterizations of the MW DM distribution andthe H.E.S.S.-like mock dataset of GC observations adopted in this work. The hor-izontal gray long-dashed line is set to the value of the natural scale expected forthe thermal-relic WIMPs. Right panel: Mean expected upper limits at 95% C. L.on ⟨σv⟩ as a function of the DM mass mDM for the ντντ , νµνµ and νeνe annihila-tion channels for the NFW parameterizations of the MW DM distribution used inRef. [43], referred as to aNFW profile in Tab. 10.1. For comparison 90% C.L. meanexpected upper limits are shown from ANTARES [43].
subset of the DM content, the masses for Wino DM can be excluded up to about10 TeV. The current sensitivity cannot probe the thermal mass for the HiggsinoDM. Due to the Sommerfeld-induced resonance for the theoretical cross sectiondefinition, the current sensitivity can reach the level of Higgsino masses of about6.5 TeV. The continuum contribution dominates the limits for the Wino and Quin-tuplet models outside the resonances of ⟨σv⟩line. The differential gamma-ray yieldas a function of energy is shown in Fig. 10.10 for self-annihilating DM particles inthe Wino, Higgsino splitting 1 and Quintuplet states, respectively. For each state,six spectra for masses close to resonances of ⟨σv⟩line are shown. The sum of con-tributions from continuum, endpoint and line and from endpoint and line onlyare shown for the Wino and Quintuplet states. For the Higgsino splitting 1 state,no endpoint contribution is available. As can be understood from Fig. 10.10, inbetween resonances, the limits for the Quintuplet receive a stronger contributionfrom the continuum and endpoint. The expected gamma-ray yield for the Quin-tuplet model is significantly increased in between mass resonances from statesuperposition contributions according to the H.E.S.S.-like energy resolution. Thiscan improve the limits up to a factor of about ten and explains the features visi-
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Figure 10.9: 95% C.L. expected upper limits on the annihilation cross section forWinos (left panels), Higgsino split 1 (middle panels) and Quintuplet (right panels),respectively, as a function of their mass. Top panels: 95% C.L. expected upperlimits plotted together with the containment bands at 1σ (green band) and 2σ(yellow band) levels, for the NFWprofile. The theoretical cross sections are plottedin gray. For each model, the thermal DM mass is marked as a cyan solid line withits 1σ error band. The limits are computed with the full spectrum. Bottom panels:percentage difference of the limits obtained between the full spectra and the line-only contribution to the gamma-ray yield, shown for the NFW (solid line) and thecNFW (dashed line), respectively. For the Quintuplet state, the limits from thecontribution of endpoint and line to the gamma-ray yield are shown too.

ble for the Quintuplet limits in Fig. 10.9. The thermal Quintuplet DM is excludedwithin present sensitivity. A few non-thermally produced Quintuplet models arestill viable above several ten TeV masses.
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10.4 Systematic uncertainties

10.4.1 Theoretical uncertainties
Since we computed limits for the two theoretical gamma-ray yields adopted inthis work (see Sec. 10.1.1) we show the difference in the mean expected limits,for theW+W− annihilation channel and the NFW, cNFW and Einasto DM profilesin Fig. 10.11. The difference between the derivation with the two yields reaches6% for a DM mass of 1 TeV, spanning from 25% up 5% to depending on the DMmass and considering the NFW profile. In the bottom panel of Fig. 10.11, the ratiobetween the two computations is shown for the same profile. The estimate ofthe J-factor uncertainties performed for the NFW and cNFW profiles in Sec. 10.1.3is included in the sensitivity computation as explained in Sec. 10.2.4. Fig. 10.12shows the impact of the J-factor uncertainty on the mean expected limit for theNFW DM profile parametrization considered in this work. The limits degrade by afactor of 3.2 up to 3.6, depending on the mass.

10.4.2 Background measurement uncertainties
The likelihood function can be modified to include the systematic uncertainty onthe background residual determination through Eq. 4.11. To derive the systematicuncertainties affecting the backgroundmeasurements we followwhat is obtainedforH.E.S.S. observations of the GC region as we explained in Sec. 6.4, and we thenadopt a value of σβ,ij = 1%. We keep this value fixed since a more accurate deter-
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Figure 10.11: Top panel: Mean expected upper limits at 95% C. L. on ⟨σv⟩ as a func-tion of the DMmassmDM for theW+W− channel derived with a H.E.S.S.-likemockdataset of GC observations for the computation of the gamma-ray yields from the
PPPC4DMID [124] (blue line) and and HDMSpectra [55] (red line), respectively. Thelimits are shown for theNFW, cNFWand Einasto profiles. The horizontal gray long-dashed line is set to the value of the natural scale expected for the thermal-relicWIMPs. Bottom panel: percentage difference of the limits obtained with the twogamma-ray yields for the NFW profile.
mination of the spatial and energy dependencies of the systematic level is beyondthe scope of this work. We show the limits with the inclusion of the uncertaintyon the residual background in Fig. 10.12. The limits are degraded by a factor from1.2 up to 1.4, depending on the mass.

10.4.3 Background mismodeling

We use this section for the investigation of how the uncertainties on residualand conventional backgrounds can deteriorate the reconstruction of a DM signal.For instance, the residual background determination is affected by the imperfectknowledge of the CR fluxes reaching the Earth’s upper atmosphere. We consideran overall uncertainty in the measurements of the cosmic-ray fluxes. To do so,we change the indices of the power law describing the emission from fluxes ofCR by ± 0.2 and we then derive new limits. We show this new derivation and the
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Figure 10.12: Mean expected upper limits at 95% C.L. for particles annihilating in
W+W− for the NFW DM profile parameterization, as a function of the DM mass.Limits are shown for cases with and without inclusion of statistical uncertaintieson the J-factor and systematic uncertainties on the background normalization.These are included as a log-normal and a Gaussian nuisance parameters, respec-tively.
comparison with the one with no uncertainties on the background determinationin Fig. 10.13. We also show the ratio between the limits with and without the in-clusion of the uncertainty in the bottom panel.

mDM ⟨σv⟩inj (⟨σv⟩mean
reco − ⟨σv⟩inj)/⟨σv⟩inj Uncertainty budgetStatistical Instrumental Background mismodelingTeV [cm3s−1] [%] [%] [%] [%]

1 5×10−26 < 1% 84% 15% 1%10 5×10−26 < 1% 91% 8% 1%
Table 10.3: Different sources of uncertainties shown as uncertainty budget in thereconstructed ⟨σv⟩ value for DM signal injected in mock data corresponding toone ⟨σv⟩inj value. Two cases are shown: for DM masses of 1 and 10 TeV in the
W+W− annihilation channel. ⟨σv⟩ are assumed to be reconstructed if min(TS)+1.36 ≥ 0.

We also tested a possible addition of a cutoff to the PeVatron emission, with-out obtaining significant changes in the limits, therefore no change is applied inthis case. We test the uncertainty on the determination of emissions from FBsand MSP with the change on the indices of the power laws of ± 0.2. For this casetoo, the alteration does not significantly change the limits derivation. We performa series of injection tests. We inject a fake DM signal for a DM particle with agiven mass, annihilating in a given annihilation channel and distributed accord-
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Figure 10.13: Top panel: 95% C. L. mean expected upper limits on the velocity-weighted annihilation cross section ⟨σv⟩ for particles annihilating in W+W− forthe NFW DM profile parameterization, as a function of the DM mass. The NFWprofile is considered here. The horizontal gray long-dashed line is set to the valueof the natural scale expected for the thermal-relic WIMPs. Limits for the changeson the indices of the power laws describing the spectra of cosmic rays by ± 0.2are shown as the dashed and dotted lines. Bottom panel: percentage differencesof the limits between the case with no uncertainty and the two cases shown in thetop panel.

ing to a given DM profile. This signal is injected in the mock dataset composedof residual and conventional backgrounds. This is done in order to quantify thelevel of alteration on the performances of the injected signal due to the differ-ent uncertainties. We test values of ⟨σv⟩ from 9×10−27 cm3s−1 up to 4×10−25,for DM masses of 0.98 and 9.81 TeV and particles annihilating in W+W−. TheTS procedure is carried out for each injected value ⟨σv⟩inj and the reconstructedannihilation cross section ⟨σv⟩reco is computed. This is done for three cases: (i)we fix conventional background emissions and change the indices of the residualbackground power laws by± 0.2, (ii) we fix the residual background and the MSPemission and change the FBs power law index by ± 0.2, (iii) we fixed the residualbackground and the FBs emission and change the MSP power law index by± 0.2.The results for ⟨σv⟩reco and the 1σ bands are plotted in Fig 10.14. The comparisonis between the standard case with no deterioration on the background emission,
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and all the previously mentioned cases. Results formDM = 0.98 TeV are in the toppanels, whereas results for mDM = 9.81 TeV are shown in the bottom ones. Theuncertainty budget is summarized in Table 10.3.
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Figure 10.14: Reconstruction tests for injected values of the annihilation crosssections ⟨σv⟩inj from 9×10−27 cm3s−1 up 4×10−25, for particles annihilating in
W+W− and for masses of 0.98 and 9.81 TeV, in the top and bottom panels, re-spectively. The TS is performed with each injected value ⟨σv⟩inj to determine thereconstructed annihilation cross section ⟨σv⟩reco and the 1σ containment bands.The spectral emissions in the background are changed by considering three cases.
Left panels: ± 0.2 on the indices of the residual background. Middle panels: ± 0.2on the index of the MSP emission. Right panels: ± 0.2 on the index of the FBsemission. See text for more details.

10.5 Conclusions and outlook

In this chapter we have shown the ultimate reach in terms of sensitivity of thecurrent generation of IACTs to DM annihilation signal. We have also shown sen-sitivity in terms of specific heavy DM candidates. All the sensitivity limits shownhave been computed in the range between 500 GeV and 100 TeV, assuming two
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distributions of DM from the most-up-to-date computations. The main resultsare:
• new sensitivity limits with an H.E.S.S. II realistic mock dataset of the GC re-gion have been shown for two gamma-ray yield predictions: PPPC4DMID and
HDMSpectra;

• newDMdistribution profilesmore accurately describing the stellar kinemat-ics and including baryon feedback and, thus, giving a better picture of thepossible DM distribution have been used;
• the limits on the cross section for DM annihilating in the τ+τ− channel chal-lenge the level of the thermal relic cross section;
• wehavedemonstrated that limits onneutrinos channels obtainedwithH.E.S.S. canbe complementary to the limits obtained from neutrino-observation dedi-cated experiments like ANTARES;
• themost-up-to-date EFT computation of the annihilation spectra of theWinoand Quintuplet and a Sommerfeld-enhanced tree-level computation of theHiggsino spectrum have been used for the derivation of upper limits thatexclude most masses for these conventional DM models;
• several sources of systematic uncertainties have been explored and theirimpact on the final limits has been assessed: the current sensitivity is stilllimited by statistical uncertainty and therefore more observations of the GCregion can give new insights on annihilating DM.
At the time of the writing, more contributions to the conventional backgroundemissions in the GC region are being explored and will be explained in detail inRef. [282]. Further studies will be useful for a more accurate determination ofthe conventional backgrounds in the TeV energy range for further modeling inorder to improve sensitivity prospects. The future generation of IACTs, i.e., CTA,will be a unique probe for heavy DM candidates in the TeV mass range. More ob-servations are necessary to better explore the systematic uncertainties. H.E.S.S.observations constitute a unique way to probe heavy DM candidates in the TeVmass range for signals coming from the most privileged region of the GC to de-tect DM annihilation signatures. Canonical DMmodels such as thermal Wino andQuintuplet DM can be challenged by the present sensitivity. CTA observations andanalyses will improve significantly over the present limits set by H.E.S.S. and willbe unique to probe the thermal Higgsino DM although the full impact will dependon the capacity to handle conventional background modeling and instrumentalsystematic uncertainties given the expected photon statistics. The results shownin this chapter have been submitted as an article to Physical Review D [282].
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Conclusions

A study of the Galactic Center region and several analyses for the search for darkmatter annihilation signals at Very-High-Energy, usingH.E.S.S. datasets, have beenpresented in this thesis.
The search for signal in Very High Energy gamma-ray observations has to dealwith a non-trivial residual background. Appropriate statistical methods for thistask havebeenpresented. More classical ones, like thewidely known log-likelihood-ratio-test-statistics framework, are used for the analyses presented in this work.A novel approach based on Bayesian Neural network frameworks has been pre-sented. It has been applied on a synthetic dataset with injected signal and a non-trivial background. I demonstrated how this framework can recover the spatialand spectral description of the signal when the background is dominant. On-going effort aims at applying this architecture on real astrophysical dataset, forinstance the search for dark matter annihilation signals. At the moment of thewriting, the results obtained with our Bayesian Neural network framework havebeen submitted to ICLR2023 [64].
The inner halo of the Milky Way is an environment full of possibilities for test-ing astrophysics at Very-High-Energy. Driven by this, the H.E.S.S. Collaborationextensively observed the inner few degrees around the Galactic Center with thefull five-telescopes array. This dataset, known as the Inner Galaxy Survey, consistsof 6 years of high-quality data for a total of 546 hours live time, collected between2014 and 2020. It has been presented and extensively described, with details onthe exposure and the parameters of the data taking. Ongoing works for the de-velopment of background models for these Galactic Center observations, usingextra-galactic observations and run-wise simulations of the Inner Galaxy Surveydataset, have been introduced. One of the important emissions in the inner haloof the Milky Way is the Fermi Bubbles one. This double-lobe bubble emission, de-tected at low latitudes by the Fermi-LAT satellite, has been extensively analyzedusing the Inner Galaxy Survey observations. I presented the H.E.S.S. analysis toderive the spectrum of the Bubbles and I showed the detected flux points for en-ergies between 300 GeV and ∼ 2 TeV. At 1 TeV, the Fermi Bubbles emission ismeasured by H.E.S.S. at ∼ 1.0 × 10−9 TeV cm−2 s−1 sr−1. Constraints on the par-ent particle populations generating the Fermi Bubbles emission can be obtainedwith this analysis. Exponential cut-off power laws are tested for both leptonic and
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hadronic models but the results cannot significantly define a value for the energycut-off, therefore only lower limits can be stated. In H.E.S.S., dedicated studiesare ongoing to further characterize the systematic uncertainties and better con-strain the emission for energies higher than 2 TeV. At the moment of the writing,the results shown on the detection of the Fermi Bubbles are being prepared fora submission to Nature within a few months [140].
The Galactic Center is the most promising target to search for dark matterannihilation signals since it is the closest one and it is expected to host a largeamount of dark matter. The Inner Galaxy Survey observations have been usedto derive the most constraining limits, for the annihilation channels explored inthis work, on ⟨σv⟩ of the dark matter particles in the TeV mass range. Consid-ering the channel χχ → W+W−, our limits reach 3.7 × 10−26 cm3s−1 for a darkmatter particle mass of 1.5 TeV. In the τ+τ− channel, the limits reach 1.2 × 10−26

cm3s−1 for a DM particle mass of 0.7 TeV, crossing the ⟨σv⟩ values expected fordark matter particles annihilating with thermal-relic cross section. At 1.5 TeV darkmatter mass, I obtain an improvement factor of 1.6 with respect to previous re-sults from the 2016 H.E.S.S. analysis. The results shown on the search for darkmatter annihilation signals with the Inner Galaxy Survey have been published in
Physical Review Letters [7]. Complementary targets for the search of dark mattersignals are candidate darkmatter subhalos. I carried out an analysis on a selectionof these subhalos among the high energy sources in the 3FHL Fermi-LAT catalogwith no other astrophysical counterpart. For this search, upper limits for darkmatter signal on the product of free parameters ⟨σv⟩×J , both for each individualdataset and for the combined one are derived. The emission from this selectionof candidate dark matter subhalos in terms of dark matter has been excludeddown to 300 GeV from the H.E.S.S. analysis. When I assume thermal dark matter,I can derive upper limits on the J-factor only. The results obtained on the searchfor dark matter annihilation signals from these candidates dark matter subhaloshave been published in The Astrophysical Journal [10].

The reach in terms of sensitivity with the current generation of IACTs, and inparticular with H.E.S.S., to annihilation signals fromdarkmatter particles has beenpresented. For this study, I make use of a mock dataset of the Inner Galaxy Sur-vey observations, created from expected residual background of cosmic rays andconventional background such as the emissions from a population ofmilli-secondpulsars in the Galactic Bulge, the Fermi Bubbles and the Pevatron in the GalacticCenter. The state of the art of the gamma-ray yields for the computation of theexpected fluxes of photons from annihilating dark matter has been used. Newderivation of the dark matter distribution in the Galactic Center, including baryonfeedback and stellar kinematic computations are applied. Limits are derived formodel-independent dark matter searches. The sensitivity to canonical dark mat-ter candidates such as the Wino, Higgsino and the Quintuplet has been explored.Theoretical Wino dark matter is excluded up to 10 TeV. The current level of sensi-
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tivity reaches the theoretical Higgsino cross section for masses of about 6.5 TeV,due to the Sommerfeld-induced resonance. The thermal Quintuplet DM is ex-cluded with the present sensitivity. I widely explore how the evaluation of differ-ent uncertainties can affect the final results. At the moment of the writing, theseresults have been submitted to Physical Review D [282].If we were to summarize the most important results shown in this work, theywould be:
• important insights on a novel approach for the disentangling of a signal ina background-dominated dataset with a Bayesian Neural Network architec-ture have been presented;
• the Inner Galaxy Survey H.E.S.S. dataset, including the most sensitive obser-vations available so far of the Galactic Center region at TeV energies, hasbeen extensively analyzed and used;
• the analysis for the search for the low-latitude Fermi Bubbles showed thecapability to detect and constrain this extended emissionwith H.E.S.S., usingthe Inner Galaxy Survey;
• the latter is used to obtain also themost constraining limits, in the TeVmassrange, on ⟨σv⟩ of dark matter particles annihilating in the Galactic Centerregion;
• other limits on ⟨σv⟩ are obtained with H.E.S.S. observations of dark mattersubhalo candidates;
• benchmarks have been established on the sensitivity to dark matter signalsfor the current generation of IACTs, investigating theoretical and instrumen-tal uncertainties.

All in all, the insights derived from this work will be useful for future reference andanalyses with the next generation of IACTs.
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