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No te rindas - Mario Benedetti

No te rindas, aún estás a tiempo

De alcanzar y comenzar de nuevo,

Aceptar tus sombras,

Enterrar tus miedos,

Liberar el lastre,

Retomar el vuelo.

No te rindas que la vida es eso,

Continuar el viaje,

Perseguir tus sueños,

Destrabar el tiempo,

Correr los escombros,

Y destapar el cielo.

No te rindas, por favor no cedas,

Aunque el fŕıo queme,

Aunque el miedo muerda,

Aunque el sol se esconda,

Y se calle el viento,

Aún hay fuego en tu alma

Aún hay vida en tus sueños.

Porque la vida es tuya y tuyo también el deseo

Porque lo has querido y porque te quiero

Porque existe el vino y el amor, es cierto.

Porque no hay heridas que no cure el tiempo.

Abrir las puertas,

Quitar los cerrojos,

Abandonar las murallas que te protegieron,

Vivir la vida y aceptar el reto,

Recuperar la risa,

Ensayar un canto,

Bajar la guardia y extender las manos

Desplegar las alas

E intentar de nuevo,

Celebrar la vida y retomar los cielos.

No te rindas, por favor no cedas,

Aunque el fŕıo queme,

Aunque el miedo muerda,

Aunque el sol se ponga y se calle el viento,

Aún hay fuego en tu alma,

Aún hay vida en tus sueños

Porque cada d́ıa es un comienzo nuevo,

Porque esta es la hora y el mejor momento.

Porque no estás solo, porque yo te quiero.
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Non ti arrendere - Mario Benedetti

Non ti arrendere, c’é ancora tempo

per arrivare e ricominciare

accettare le tue ombre

seppellire le tue paure

liberarti del fardello

riprendere il volo.

Non ti arrendere perché questo é la vita

continuare il viaggio

perseguire i sogni

sciogliere il tempo

togliere le macerie

e scoperchiare il cielo.

Non ti arrendere, per favore non cedere

malgrado il freddo bruci

malgrado la paura morda

malgrado il sole si nasconda

e taccia il vento

c’é ancora fuoco nella tua anima

c’é ancora vita nei tuoi sogni

Perché la vita é tua e tuo anche il desiderio

perché l’hai amato e perché ti amo

perché esiste il vino e l’amore, é certo

perché non vi sono ferite che non curi il tempo

Aprire le porte

togliere i catenacci

abbandonare le muraglie che ti protessero

vivere la vita e accettare la sfida

recuperare il sorriso

provare un canto

abbassare la guardia e stendere le mani

aprire le ali

e tentare di nuovo

celebrare la vita e riprendere i cieli

Non ti arrendere, per favore non cedere

malgrado il freddo bruci

malgrado la paura morda

malgrado il sole si nasconda e taccia il vento

c’é ancora fuoco nella tua anima

c’é ancora vita nei tuoi sogni

perché ogni giorno é un nuovo inizio

perché questa é l’ora e il momento migliore

perché non sei sola, perché ti amo.
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Don’t Give Up - Mario Benedetti

Don’t give up, you still have time

to reach up and start anew,

Accept your shadows,

Bury your fears,

Free your burdens,

Fly again.

Don’t give up, that’s what life is

Continue the journey,

Follow your dreams,

Unstuck time,

Move the rubble,

And uncover the sky.

Don’t give up, please don’t give way,

Even if the cold burns,

Even if fear bites,

Even if the sun sets,

And the wind goes silent,

There is still fire in your soul

There is still life in your dreams.

Because life is yours and yours is the desire

Because you have loved it and because I love you

Because wine exists and love is true.

Because there are no wounds that time doesn’t cure.

To open the doors,

Take away the locks,

Abandon the walls that have protected you,

To live life and accept the challenge

Get back laughter,

Practice a song,

Lower the guard and extend the hands

Open the wings

And try again,

Celebrate life and take back the skies.

Don’t give up, please don’t give way,

Even if the cold burns,

Even if fear bites,

Even if the sun sets,

And the wind goes silent,

There is still fire in your soul

There is still life in your dreams.

Because every day is a new beginning,

Because this is the hour and the best moment.

Because you are not alone, because I love you.
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serán dignos herederos de la dinast́ıa de Domi.

Para concluir, querŕıa agradecer a Álvaro y Emma, que con su boda han alegrado la

conclusión de esta época en Madrid. Ha sido un placer véros tan felices y compartir con
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alegŕıa constante, cada una luego y en su manera ha ocupado un lugar particular y

independiente de las demás.



x

Quiero agradecer los amigos de amigos que me han acogido como una de ellos: Joserra,

Berto, Javi, Itxi, Jesus, Lon, Jorge, Oscar, perdonad si se me ha olvidado hacer el nom-

bre de alguien. Todos los que han venido a verme a Nápoles, y todos los que vendrán a
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haga un elenco con los nombre de todos, cada uno de vosotros sabe lo importante que ha
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Resumen

El problema de la existencia de la materia oscura (DM) es una cuestión de gran impor-

tancia para la f́ısica del siglo XXI. El Modelo Cosmológico Estándar proporciona una

buena descripción de la evolución del Universo, de acuerdo con los datos de experimentos

como COBE, WMAP y PLANCK. Según este modelo, el 69.2% del contenido de enerǵıa

del Universo está constituido por un tipo de enerǵıa oscura con presión, responsable de

la expansión acelerada, el 26.8% por DM, mientras que la componente conocida de la

materia seŕıa sólo alrededor del 5% del total. Sin embargo, la componente oscura de

la materia se ha detectado hasta ahora sólo por medio de pruebas gravitacionales. En

el caso de que dicha componente esté constituida por part́ıculas, distintos experimentos

de búsqueda directa e indirecta en tierra y en satélites, podŕıan detectar esta nueva

part́ıcula por medio de su interacción con la materia ordinaria y también a través de los

productos secundarios de su aniquilación y desintegración en fuentes astrof́ısicas. Desde

un punto de vista más teórico, la búsqueda de DM incluye modelos más allá del Modelo

Estándar (SM) de part́ıculas elementales, modelos de supersimetŕıa y dimensiones extra.

Una introducción más detallada a la cosmoloǵıa y al problema de la DM se presenta

en el Caṕıtulo 1, mientras que en el Caṕıtulo 2 introducimos la búsqueda de DM en

colisionadores de part́ıculas y en experimentos de búsqueda directa e indirecta.

La mayoŕıa de los estudios sobre DM se han centrado hasta ahora en part́ıculas de masas

menores de 1 TeV. Sin embargo, el ĺımite superior en la masa para DM térmica alcanza

los 100 TeV. Este tipo de DM a escala del TeV (TeVDM) es particularmente atractiva,

teniendo en cuenta la ausencia de evidencias experimentales con respecto a la existencia

de DM a masas mas bajas. En esta tesis se desarrolla una investigación multi-canal

desde un punto de vista fenomenológico de la posibilidad de detección de materia oscura

pesada. En particular, se demostrará que el flujo de rayos gamma observado por el

telescopio HESS desde la fuente J1745-290 situada en el centro galáctico (GC) puede

ser ajustado como una señal de DM más una componente de fondo. La señal de HESS

hab́ıa sido anteriormente analizada en el contexto de materia oscura supersimétrica y

en teoŕıas con dimensiones extra. En esta tesis se abre una nueva posibilidad de inter-

pretación de la misma señal como TeVDM. El nuevo análisis se presenta en el Caṕıtulo
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3. El flujo en rayos gamma proveniente desde el GC ha sido observado también por

FERMI-LAT. La fuente J1745.6-29000 observada por FERMI-LAT a enerǵıas entre 2-

300 GeV coincide con la fuente J1745-290 observada por el telescopio HESS, que muestra

un corte en el flujo de rayos gamma alrededor de 30 TeV. El ajuste desarrollado propor-

ciona excelentes ajustes a los datos para una masa de la DM entre 10 y 100 TeV para

casi todos los canales de aniquilación. En trabajos anteriores se descartó la posibilidad

de explicar los datos de HESS como aniquilación de part́ıculas de DM supersimétrica o

de Kaluza-Klain de masa menor de 10 TeV, sin la componente de ley de potencia para

describir el fondo. Nuestro análisis es independiente del modelo, sin embargo, estudi-

amos el caso particular de los branones. En concreto DM con masas alrededor de los 50

TeV constituida por branones que se aniquilan principalmente en una combinación de

W+W− y ZZ explicaŕıa los datos de HESS y FERMI-LAT entre 1 GeV y 50 TeV. Para

obtener este resultado, hemos desarrollado los siguientes análisis.

En primer lugar, en el Caṕıtulo 4 consideramos los branones como posibles candidatos

de DM. Los branones son fluctuaciones masivas de una brana, es decir nuevos campos

escalares cuyo acoplamiento con las part́ıculas del SM es inversamente proporcional a la

tensión f4 de la brana. En este Caṕıtulo, analizamos el flujo mı́nimo de rayos gamma

producidos en la aniquilación de brenones en varias fuentes astrof́ısicas, como galaxias

enanas y el centro de la Galaxia, que podŕıa ser detectado en un amplio intervalo de

masas y estimamos la sensibilidad de diversos experimentos, tanto satélites como tele-

scopios Cherenkov en tierra. Los resultados son compatibles con la falta de detección

de una señal de rayos gamma con las posibles combinaciones de fuentes y telescopios

analizadas. Sin embargo, estos análisis también sugieren que futuros experimentos como

CTA serán capaces de detectar un posible flujo de rayos gamma generados por branones

con masas por encima de 150 GeV.

En segundo lugar, desarrollamos una comprobación de los resultados obtenidos con

análisis adicionales de flujos secundarios de otros rayos cósmicos esperados para el mismo

candidato de DM con la misma distribución de densidad en la Galaxia. Para desarrol-

lar estos análisis, hay que tener en cuenta que la TeVDM térmica necesita un factor

astrof́ısico más grande que el estándar para explicar el flujo observado de rayos gamma.

Motivado por el reciente descubrimiento por parte de IceCube de varios neutrinos as-

trof́ısicos de alta enerǵıa, hemos realizado un análisis detallado sobre la posible detección

de un flujo de neutrinos emitidos por aniquilación de DM a la escala del TeV en el cen-

tro galáctico. Entre los resultados de este trabajo presentamos expĺıcitamente la mejor

combinación de área efectiva, ángulo de resolución y tiempo de exposición necesarias

para detectar el flujo de neutrinos esperado. Como mostramos en el Caṕıtulo 5, esto

podŕıa ser interesante para futuras observaciones de esta región tanto con la generación

actual de telescopios de neutrinos como con futuros experimentos como KM3NeT.

En el Caṕıtulo 6, hemos estudiado el flujo de antiprotones que podŕıa ser generado por
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una fuente puntual en el GC. De hecho, la fuente puntual representa una buena aproxi-

mación para nuestro candidato, debido a la resolución angular del telescopio HESS, a la

dimensión angular de la fuente J1745-290 y a su distancia desde el GC. Hemos consider-

ado tres espectros de emisión diferentes que podŕıan ser asociados con diferentes fuentes

astrof́ısicas. Para los tres casos espectrales, encontramos que la detección de antipro-

tones producidos por este tipo de fuente puntual en el GC no es prometedora, debido a

la difusión de los antiprotones en la Galaxia y a la ausencia de una descripción detallada

de dicha difusión en la parte mas interna de la Galaxia. La hipótesis de una fuente

puntual es de particular importancia para la emisión y propagación de los antiprotones.

De hecho, un aumento local en la densidad de DM es conceptualmente muy distinto a un

aumento en el valor de la sección eficaz de aniquilación, que tendŕıa un efecto global en

toda la distribución de DM en el halo de la Galaxia. En el Caṕıtulo 6 demostramos que

en ambos casos el flujo de antiprotones generado por TeVDM queda por debajo del flujo

difuso detectado por PAMELA. Por otro lado, DM de menor masa, alrededor de 100

GeV, queda excluida por este tipo de análisis. Finalmente en el Caṕıtulo 7, discutimos

ciertas incertidumbres asociadas con la búsqueda indirecta de DM. Como normalmente

se hace en la literatura, todos los análisis presentadas en esta tesis, utilizan simulaciones

Monte Carlo de los eventos de aniquilación y desintegración. Estas simulaciones pueden

ser desarrolladas con diferentes códigos. PYTHIA y HERWIG son los más populares,

ambos en las dos versiones de FORTRAN y C++. Por ejemplo, estudiamos el flujo

de rayos gamma generado por los cuatro códigos, concretamente PYTHIA 6.4 y 8 (

versiones FORTRAN y C++ ) y HERWIG y HERWIG++. Las cuatro simulaciones

presentan diferencias no solamente en la forma del espectro, sino también en el número

de fotones emitidos en cada evento. El origen de estas diferencias puede encontrarse

en la distinta implementación y modelización de la electrodinámica y cromodinámica

cuánticas aśı como en el proceso de hadronización. En el caso particular de los fotones,

tiene particular importancia la distinta implementación del efecto de Bremsstrahlung

para leptones de altas enerǵıas. Estas incertidumbres pueden afectar en particular a la

estimación del factor astrof́ısico y/o a la del valor de las secciones eficaces de aniquilación.

Los resultados presentados en esta tesis muestran que aunque un candidato de TeVDM

parezca ser compatible con los datos de rayos gamma, neutrinos y antiprotones, nece-

sitamos más resultados experimentales para comprobar o rechazar este modelo. En

particular, estudio detallado de las propiedades de estas part́ıculas en aceleradores y ex-

perimentos de búsqueda directa será fundamental en un futuro próximo para comprobar

o rechazar la hipótesis de TeVDM, como discutimos en las conclusiones de esta tesis

(Caṕıtulo 8).
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Preface

The problem of the existence and nature of the dark component of matter represents an

important issue of the physics of the XXI Century. The Cosmological Standard Model in

accordance with satellite experiments such as the Cosmic Background Explorer (COBE),

Wilkinson Microwave Anisotropy Probe (WMAP) and PLANCK, represents a good de-

scription of the Universe and its evolution. Based on this model, the 69.2% of the total

mass-energy content of the Universe today is made of a kind of fluid with negative pres-

sure, that is responsible for the present state of accelerating expansion and that is called

dark energy. The ordinary matter we know corresponds to merely a few percent (4.9%)

of the total amount, while the 26.8% is made of a kind of Dark Matter (DM) that is

still unknown. However, apart from gravitational probes, this unknown component of

the matter remains undetected. On the experimental side, assuming that DM admits a

description in terms of new particles, collider experiments as well as direct and indirect

searches are addressed to reveal the presence of these particles on the Earth, through

the interaction with ordinary matter, and detect the secondary products of their anni-

hilation/decay in astrophysical sources. From the theoretical point of view, the research

on the DM nature covers concepts of particle physics beyond the Standard Model (SM),

such as Supersymmetry and Extra-dimensions. A more detailed introduction to cos-

mology and on the DM problem, observations and theory, is presented in Chapter 1,

whereas in Chapter 2 we introduce the search of DM at colliders and the direct and

indirect experiments.

The majority of these searches have focused on DM with masses below 1 TeV, although

the thermal limit extents to approximately 100 TeV. In this thesis, we will follow a

phenomenological approach to the DM problem, paying particular attention to the mass

range between 1-100 TeV. This type of TeV Dark Matter (TeVDM) is attracting more

attention given the lack of convincing evidences of the existence of DM of lower masses.

In particular, we develop a multi-messenger analysis of cosmic-rays detection from as-

trophysical sources. We show that the gamma-ray flux observed by HESS from the

J1745-290 Galactic Center (GC) source is well fitted as the secondary gamma-ray pho-

tons generated from DM annihilating into SM particles, in combination with a simple

xviii
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power law background. Although the HESS signal has been analyzed in previous works,

we present a new analysis which opens the possibility of a TeVDM interpretation. This

result could motivate new experimental and theoretical developments.

The new analysis is discussed in Chapter 3. Both FERMI-LAT and HESS telescopes

observed the GC region in gamma rays. The FERMI-LAT 1FGL J1745.6-2900 source is

spatially coincident with the HESS source J1745-290. The FERMI-LAT data between

2-300 GeV are well fitted by a power law. Instead, a bump appears in the HESS data

around the TeV scale and a cut-off around 30 TeV. We perform model independent fits

for all the possible channels of annihilation of DM into SM particles. The resulting DM

mass is above ∼ 10 TeV for all the annihilation channels. Previous works discarded the

possibility to fit the HESS data with a supersymmetric or Kaluza-Klain DM particle of

lower mass, without the background component. Although our analysis is model inde-

pendent, we have studied the case of branon DM as a viable example. A branon DM

candidate with a mass of ∼ 50 TeV annihilating in a combination of W+W− and ZZ

channels well fits both the HESS and FERMI-LAT data between 1 GeV and 50 TeV.

Motivated by this result, we have cross-checked this hypothesis.

Firstly, we consider branon as a prospective DM candidate in Chapter 4. Branons are

massive brane fluctuations, that are new scalar fields whose coupling to the SM par-

ticles is suppressed by the brane tension f . We analyse the minimum detectable flux

for a broad range of branon masses. We check the sensitivity of several satellites and

Cherenkov telescopes to the prospective secondary gamma-ray flux generated by branon

annihilation in different astrophysical sources, as dwarf spheroidal galaxies and the GC

itself. The results are in agreement with no-detection of further gamma-ray signals with

the available combination of observed sources and selected devices. However, the analy-

sis allows to set constraints on the prospective detection of a gamma-ray flux generated

from annihilation of branons with masses smaller than ∼ 1 TeV.

Secondly, we develop the cross-check of the results obtained for the gamma-ray signal

in the GC with additional analyses of other secondary cosmic-ray fluxes, that should be

expected from the same DM candidate and distribution. In order to develop these anal-

yses, we need to underline that the secondary gamma-ray flux generated by annihilating

thermal TeVDM needs a large astrophysical factor in order to well fit the HESS data

at the GC. Motivated by the recent detection of a number of neutrinos of astrophysical

origin by the IceCube telescope, we drew conclusions on the possible detection of the

neutrino flux emitted by the TeVDM candidate at the GC. We give explicitly the better

combination of effective area, resolution angle and exposition time that is required to

detect the expected neutrino signal from the GC source. As shown in Chapter 5, this

could be of interest for future observations of the region with the current generation of

neutrino telescope or next experiments such as KM3NeT.

Moreover, we study the antiproton flux that should be generated from a point-like source
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at the GC. In fact, the point-like source represents a good approximation, because of

both the angular resolution of the HESS telescope and the angular dimension of the

J1745-290 source and the distance of the GC from the observer at the Earth. We con-

sider three different spectra that can be associated with different sources. For all the

spectral cases, we found that antiprotons detection from such point-like source at the

GC is not promising so far, due to antiproton propagation in the Galaxy and the absence

of a detailed description of antiproton diffusion at the inner region of GC. The hypothe-

sis of point-like source is of particular interest for antiproton emission and propagation.

In fact, a local enhancement in the DM distribution is conceptually very different with

respect to a global boost in the thermal annihilation cross-section. In the latter case,

the whole DM halo should be affected. In Chapter 6 we show that in both cases, the

antiproton flux generated by a TeVDM particle lies below the diffuse antiproton flux de-

tected by PAMELA. Instead, lighter DM masses around 100 GeV are more constrained

by this kind of analysis.

Finally in Chapter 7, we discuss the Monte Carlo event generator uncertainties associ-

ated with indirect searches. As usual in the literature, all the previous analyses make use

of Monte Carlo simulation of the secondary products of annihilation and decay events.

Such simulations can be developed with different codes. PYTHIA and HERWIG are the

most popular ones, both in the two FORTRAN and C++ versions. As an example, we

study the gamma-ray flux generated by four codes, namely PYTHIA 6.4 and 8 ( FOR-

TRAN and C++ version, respectively) and HERWIG and HERWIG++. The four simulations

present differences not only in the spectral form, but also in the multiplicity of the num-

ber of emitted photons. The reason can be found in a different implementation and

modelization of the QED, QCD and hadronic shower. In this particular case, the differ-

ent implementation of Bremsstrahlung effect for high-energy leptons is very important.

Such uncertainties may affect the estimation of astrophysical factors and/or annihilation

cross sections.

This fact and the results presented so far, show that although our TeVDM candidate ap-

pears in agreement with gamma-ray, neutrino and antiproton data from indirect searches,

more experimental probes are required. In particular, an improvement in the research

of heavy particles at colliders and with the direct searches will be fundamental in the

next future in order to confirm or reject the TeVDM hypothesis, as we discuss in the

conclusions of this thesis (Chapther 8).
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Chapter 1

Introduction

The discovery of the nature of Dark Matter (DM) is a new frontier in the cosmology

and particle physics of the XXI Century. In the last decades, many gravitational probes

have shown the existence of a new kind of matter. Such a new component has escaped

any type of detection as particle and also any theoretical description as modified gravity

so far. Embarked on the caravel of indirect detection, astroparticle physics is a possible

track to follow, in order to reach such new territory of physics, and explore it. This

doctoral thesis is a travel journal on the route of this search. We will carry the reader

on the indirect caravels not far from the direct and the theoretical ones. We are go-

ing to look at the ocean of standard cosmology and to follow a guiding star, towards its

frontiers. That is a dark candle (possibly) made of a heavy matter at the Galactic Center.

In the Section 1.1 of the Introduction to this thesis, we will briefly present the his-

tory of the discoveries of the last centuries in astrophysics, astroparticle and cosmology,

and focus on the history of the Universe in Section 1.2. The pillars of modern cosmology

are introduced in Section 1.3, while in Section 1.4 we will present to the observational

probes about the existence of DM. The prospective nature of DM as a particle is then

introduced in Section 1.5. Finally, in Section 1.6 we will trace out the state of the art

in the observational and theoretical aspects of the research in DM.

1.1 The Discovery Timeline.

Astroparticle physics was born in 1912, from the marriage between particle physics and

astrophysics. The ceremony was celebrated by V. F. Hess in a balloon at altitudes of

up 5 km. There, the terrestrial component of ionizing radiation met the extraterrestrial

partner. In the same period, A. Einstein was celebrating the alliance between space and

1
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time and their children were called special and general relativity. Casually, two different

solar eclipses were testimonies of both events. One of the solar eclipses was 1919; it

signed the first experimental probe of general relativity: the gravitational lensing.

In 1921, A. Einstein received the Nobel Prize not for the general relativity theory but for

the quantum-mechanic interpretation of the photoelectric effect. In his Nobel Lecture

discussed two years later, in 1923, he spoke about ”Fundamental Ideas and Problems of

the Theory of Relativity”.

In 1929, E. Hubble observed the redshift of spectral lines, demonstrating that the Uni-

verse was expanding. The doors of cosmology had yet been opened. But at that time,

the Nobel Prize in Physics did not recognize work done in astronomy. Hubble spent the

latter part of his career attempting to have astronomy considered as an area of physics.

Shortly after his death (1953), the Nobel Prize Committee decided that astronomical

work would be eligible for the physics prize. However, the prize can not be awarded

posthumously.

V. F. Hess was awarded with the Nobel Prize in 1936 for his discovery of cosmic radi-

ation. In his Nobel Lecture he mentioned the other solar eclipse: ”... at the time of a

nearly complete solar eclipse on the 12th April 1912,...was able to observe no reduction

in ionization during the eclipse I decided that, essentially, the sun could not be the source

of cosmic rays, at least as far as undeflected rays were concerned” and ”....It is likely

that further research into ”showers” and ”bursts” of the cosmic rays may possibly lead

to the discovery of still more elementary particles, neutrinos and negative protons, of

which the existence has been postulated by some theoretical physicists in recent years”.

The Nobel Prize in Physics in the 1978 was divided in two half parts. One of them

awarded A. Penzias and R. W. Wilson for their discovery of cosmic microwave back-

ground radiation, one of he pillars of the standard cosmological model.

The Nobel Prize of 2006 to John C. Mather and George F. Smoot for their discovery of

the blackbody form and anisotropy of the cosmic microwave background radiation. Such

a precise blackbody spectrum had never been observed before.

Recently, the 2011 Nobel Prize in cosmology was received by S. Perlmutter, B. P. Schmidt

and A. G. Riess for the discovery of the accelerating expansion of the Universe through

observations of distant supernovae. It was a pleasure for me listen to the Prof. Schmidt’s

talk at Universidad Autónoma de Madrid (Spain) a couple of years later.

Moreover, some others important discoveries allowed the development of the current

generation of research in cosmology and particle and astroparticle physics.

We refer for example to 1958, when P. A. Cherenkov, I. M. Frank and I. Y. Tamm were

awarded for the discovery and the interpretation of the Cherenkov effect, that allowed

the construction of the current generation of Cherenkov telescopes for astroparticle re-

search.
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Figure 1.1: From NASA webpage [1]. Conceptual illustration of the Cosmological
timeline.

The 1984 is marked by C. Rubbia and S. van der Meer for their decisive contributions

to the large project, which led to the discovery of the field particles W and Z, communi-

cators of weak interaction. This fact is also directly related with DM search.

The 1995 signed M. L. Perl for the discovery of the tau lepton and F. Reines for the

detection of the neutrino. Nowadays, neutrino telescope represents a new eye to look at

the sky.

The Nobel Prize in Physics 2013 was awarded to F. Englert and P. W. Higgs for the

theoretical discovery of a mechanism that contributes to our understanding of the origin

of mass of subatomic particles, and which recently was confirmed through the discovery

of the predicted fundamental particle, by the ATLAS and CMS experiments at CERN’s

Large Hadron Collider.

1.2 The Cosmological Timeline

The Cosmological Timeline in Fig. 1.1 [1] flows in some sense backwards with respect

to the Discovery Timeline.

Approximately 13 billion years ago the Universe began its expansion from a hot, dense

state. It has been postulated that in the first 10−34 seconds it underwent a brief period

of accelerated expansion, known as inflation. On the one hand, this period is related

with the homogeneity and isotropy we see today, on the other, quantum mechanical

fluctuations present during this process were imprinted as density fluctuations, which
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later seeded the formation of structure.

After inflation, the early Universe was a soup of matter and energy, in which particle/an-

tiparticle pairs were constantly creating and annihilating. As the Universe cooled, the

different species decouple from the primordial plasma. When this process happens for

a particular species of particle, that particle is said to have frozen-out. Throughout a

process called baryogenesis, the asymmetry between matter and antimatter that we see

today was produced.

During the first 10 minutes or so, various light elements such as deuterium, helium-3,

helium-4, and lithium-7 were created by the combination of free protons and neutrons

present after baryogenesis. This process of light-element formation is called Big Bang

nucleosynthesis.

After about 105 years, the Universe finally cools to a few thousand Kelvin, cold enough

for free nuclei and electrons to begin to combine into atoms. This process occurs dur-

ing a time period called the era of recombination. Before recombination, the Universe

was opaque to electromagnetic radiation. After the formation of atoms, the Universe

becomes transparent. It becomes possible for light to travel large distances, across the

visible Universe. The light released at this time is perceived today as the Cosmic Mi-

crowave Background (CMB), the afterglow of the Big Bang’s heat. By this time,

DM (unaffected by the behavior of the baryonic matter) had already begun to collapse

into halos.

Galaxies and stars began to form after a few hundred million years, when the baryonic

gas and dust collapsed to the center of the pre-existing (Cold) DM halos.

Measurements of cosmic distances of galaxies through the use of supernovae type Ia

(SNe Ia) as standard candles show the acceleration of the Universe expansion. This

requires that the Universe should contain part of its energy density in a substance that

goes under the name of dark energy.

Nowadays there is very strong observational evidence that the Universe is isotropic about

the position occupied by the Earth. The distribution of different backgrounds like galax-

ies, radio sources and the CMB itself are pretty isotropic around our position on large

scale. Such observed isotropy (rotation invariance about each point) and homogene-

ity (translation invariance) is in agreement with the assumptions of the cosmological

principle.

Such Standard Cosmological Model (SCM) or ΛCDM (SCM with the dark con-

tribution given by the cosmological constant Λ and the Cold-DM component) is based

on Einstein’s General Relativity (GR), as we will illustrate in the next Section.
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1.3 The Fundamentals of Cosmology

In the following section we will explain in detail the concepts introduced so far, the state

of art and open questions of modern cosmology.

1.3.1 General Relativity

The cornerstone to include the effects of gravitation in his theory of special relativity

is the Equivalence Principle: the gravitational and inertial masses entering respectively

in the first (principium of inertia) and second Newton’s law do not differ. This fact has

been proved experimentally at the level of one part in 109. Einstein published the theory

of GR in 1915 [2]. A consequence of such a principle is that the gravitational force as

experienced locally while standing on a massive body is actually the same as the pseudo-

force experienced by an observer in a non-inertial (accelerated) frame of reference. In an

inertial frame of reference bodies and light obey Newton’s first law, moving at constant

velocity in straight lines. Analogously, in a curved spacetime the worldline of an free-

falling particle or pulse of light is as straight as possible (in space and time). Such

a worldline is called a geodesic. The fact that non-trivial metrics affect geodesics is

completely independent of GR. The first GR contribution to such description is that

gravitation can be described by a metric. Given a metric gαβ, the geodesic equation is:

d2xµ

dλ2
= −Γµαβ

dxα

dλ

dxβ

dλ
. (1.1)

where xα are the space-time coordinates, λ the affine parameter and the affine connection

components Γµαβ depend on the metric:

Γµαβ =
1

2
gµν (gνα,β + gνβ,α − gαβ,ν) . (1.2)

The spatial part of Eq. (1.1) returns the path of a light ray, for example in gravitational

lensing (Section 1.4). The second contribution is that the metric of the Universe is

related to its constituents as matter and energy. This second part is contained in the

Einstein’s equations:

Rαβ −
1

2
gαβR = 8πGTαβ + Λgαβ. (1.3)

The geometry of space-time, described by the Ricci tensor Rαβ, which depends on the

metric gαβ and its derivatives as:

Rαβ = Rλ
αλβ = ∂λΓλβα − ∂βΓλλα + ΓλληΓ

η
βα − ΓλβηΓ

η
λα (1.4)
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The scalar curvature R (Ricci scalar, R ≡ gαβRαβ), is related to its source given by the

energy-momentum tensor Tαβ and the constant term Λ. G is the Newton’s constant.

The value of Λ is a debated point in cosmology. Firstly it was introduced to obtain

the Einstein’s static cosmological solution. After the discovery of the expansion of the

Universe by E. Hubble and long theoretical efforts, Λ was removed from the equations.

Finally, it reappeared later as a natural explanation of the present acceleration of the

Universe [3]. Details on GR and its cosmological application may be found in [4].

1.3.2 The Cosmological Principle and Equations

The Cosmological Principle might be considered as the application on large scale of the

Copernican Principle. Copernicus believed that the Sun, not the Earth was the center

of the Universe. Later on, it was discovered that neither the Sun nor the Milky Way

occupy a special place in the Universe. This means that the Earth do not occupy a

special place in the Universe. Therefore, the isotropy we observe all around should be

also seen from any position in the Universe, that is the Universe is homogeneous.

The best-known observational probe of the isotropy of the Universe is the CMB radiation

(Section 1.4.3). The explanation of the radio noise of about 3K isotropically distributed

was given by B. Dicke, P. Peebles, P. Roll and D. Wilkinson. Such discovery is also

a cornerstone of the Big Bang Model. The existence of the CMB together with the

expansion of the Universe discovered by E. Hubble and V. Slipher imply a hot early

phase, which becomes hotter and denser as we go backwards in time. The Cosmological

Principle is a pillar to apply the Einstein’s equations (1.3) to describe the dynamic of the

expanding Universe. The kinematic framework for cosmological models is the Friedman-

Robertson-Walker (FRW) metric. In such a frame, the spatial coordinates are comoving

and the expansion of the Universe itself appears as a change in the spatial components

of the metric and not as a difference in the relative position of two points, for example

two galaxies. The cosmological time coordinate is the elapsed time since the Big Bang

according to a clock of a comoving observer and is a measure of cosmological time. Such

a metric can be written as:

ds2 = dt− a2
C(t)

[
F (r)dr2 + r2dΩ2

]
(1.5)

with dΩ2 = dθ2 + sin2θdφ2. The scale factor aC(t) describe the dynamic of the Uni-

verse. Applying the Cosmological Principle of translation (homogeneity) and rotation

(isotropy) invariance, the function F (r) is determined [4] as:
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F (r) =
1

1− kCr2
(1.6)

Here, kC depends on the spatial curvature: the Universe is open if kC = −1, flat for

kC = 0 and close if kC = 1.

Fixed the cosmological metric in a comoving frame, the cosmological equation are ob-

tained from the Eq. (1.3) through the calculation of the affine connection and Ricci

tensor and scalar in such a frame of reference and the energy conservation law for the

energy-momentum tensor [4]. In such a way, we obtain the Cosmological Equations

system:

Energy conservation :
∂
(
a3
CεC

)
∂t

+ pC
∂a3

C

∂t
= 0

I field equation :

(
ȧC
aC

)2

+
kC
a2
C

=
Λ

3
+

8πG

3
εC

II field equation :
äC
aC

=
Λ

3
− 4πG

3
(εC + 3pC) (1.7)

where εC and pC are the energy and pressure density respectively measured by a co-

moving observer. The various species entering the cosmological model are assumed

to satisfy linear equations of state as pC = wεC , with wΛ = −1 for the cosmological

constant, wM = 0, for cold non relativistic matter and wR = 1/3 for radiation com-

ponent, that is photons in the CMB or ultrarelativistic plasma. Moreover, the density

parameters for each species are defined as Ωi = 8πGεi/3H
2
0 , where εcr = 3H2

0/8πG is

the critical density corresponding to the flat Universe (kC = 0) and H0 = (ȧC/aC)0 is

the Hubble parameter today. With such assumption and the additional definition of

the density parameters for the cosmological constant (ΩΛ = Λ/3H2
0 ) and the curvature

(ΩkC = −kC/a2
C0
H2

0 ), the Friedman equation can be rewritten as:

ΩM + ΩR + ΩΛ + ΩkC = 1. (1.8)

The ΩM =
∑

i Ωi is the sum of the different contributions from matter species filling the

Universe, as baryons or non relativistic DM could be, and ΩR is the radiation content.

In Big Bang models, ΩkC (t)→ 0 as t→ 0 and the Universe is nearly flat at early times.

The observational constraints to such density parameters are given by observation of the

CMB from satellites experiments such as the Cosmic Background Explorer (COBE), the

Wilkinson Microwave Anisotropy Probe (WMAP) and the recent PLANCK surveyor.

[5], as we will discuss in the Section 1.4.



1- Introduction 8

1.3.3 The Matter Content ΩM

After inflation, the Universe was made of a hot plasma of particles in thermal equilib-

rium. In the case of particle species that are in equilibrium through pair annihilation

processes 1 + 2 ↔ 3 + 4 the abundance of each species is described by the Boltzmann

equation:

a−3
C

d
(
nρ1a

3
C

)
dt

= n
(0)
ρ1 n

(0)
ρ2 〈σv〉

{
nρ3nρ4

n
(0)
ρ3 n

(0)
ρ4

− nρ1nρ2

n
(0)
ρ1 n

(0)
ρ2

}
, (1.9)

where aC is the scale factor, nρi and n
(0)
ρi the number density of the i−th species and its

value at equilibrium. Interactions are included in the right-hand side of the equation.

We are supposing that annihilation is the only process affecting the abundance of these

species. The thermally averaged cross-section is:

〈σv〉 ≡ 1

n
(0)
ρ1 n

(0)
ρ2

∫
d3pρ1

(2π)3 2Eρ1

∫
d3pρ2

(2π)3 2Eρ2

∫
d3pρ3

(2π)3 2Eρ3

∫
d3pρ4

(2π)3 2Eρ4

e−(Eρ1+Eρ2)/T

× (2π)4 δ3 (pρ1 + pρ2 − pρ3 − pρ4) δ (Eρ1 + Eρ2 − Eρ3 − Eρ4) |M|2 , (1.10)

where pρi and Eρi are the momentum and the energy of the particles.The amplitudeM
is determined by the fundamental physics of the process in question. As the size of the

Universe increases and the temperature decreases, the different species decouple from the

thermal equilibrium. In general, a species decouples when the interaction rate n
(0)
ρ1 〈σv〉

of the particle becames smaller than the expansion rate of the Universe. In Eq. (1.9) we

are assuming that the distribution of various species is the Bose-Einstein or Fermi-Dirac

ones, because in the condition of kinetic equilibrium scattering happens very rapidly.

With such an assumption, the number density of a massive species (mi >> T ) becomes

exponentially suppressed nρi ∼ (miT )3/2e−mi/T . That means, the number density falls

to zero if the species does not freezes-out. If the interaction of the massive species

freezes-out, that is the particle decouples, at a temperature comparable to its mass, the

species can have a significant relic abundance today. Otherwise, for mi << T the par-

ticles are relativistic and the reactions proceeds rapidly so that nρi ∼ T 3. For the first

second the Universe was so hot that atomic nuclei could not form. Space was filled with

a hot soup of protons, neutrons, electrons and photons. When the Universe cooled off,

these high-energy photons became rare enough that it became possible for deuterium

to survive. These deuterium nuclei could keep sticking to more protons and neutrons,

forming nuclei of helium-3, helium-4, lithium, and beryllium. Elements heavier than
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helium were created later in the stars. This process of element-formation is called nu-

cleosynthesis. There is only a small window of time in which nucleosynthesis can take

place, and the relationship between the expansion rate of the Universe (related to the

total radiation density ΩR) and the density of protons and neutrons (the baryonic mat-

ter density ΩB) determines how much of each of these light elements are formed in the

early Universe. As the Universe expands, however, the density of protons and neutrons

decreases and the process slows down. After a few minutes, therefore, the free unsta-

ble neutrons will decay and nucleosynthesis will stop. At the temperature of 1 MeV,

the cosmic plasma consists of relativistic particles (photons, electrons and positrons),

decoupled relativistic particles (neutrinos) and non relativistic particles (baryons). At

the temperature of ∼ 1 eV there is very little neutral hydrogen. In fact, the high pho-

ton/baryon ratio ensures that any hydrogen atom produced is instantaneously ionized.

When the temperature drops far below the neutral hydrogen binding energy (13.6 eV),

appreciable recombination take place. Recombination is directly tied to decoupling of

photons from matter (CMB radiation). According to nucleosynthesis data and CMB

analysis baryonic matter makes up ∼ 4% of the critical cosmological density, corre-

sponding to ΩBh
2 ≈ 0.02205 ± 0.00028 whit H0 = 100h km s−1Mpc−1. Only a small

fraction, less than 10%, of the baryonic matter is condensed to visible stars, planets and

other compact objects. Most of the baryonic matter is in the intergalactic matter, it is

concentrated also in hot X-ray coronas of galaxies and clusters. The remaning part of

the Universe matter contents is DM.

1.3.3.1 Dark Matter

Because of the aim of this thesis, we are particularly interested in the decoupling of

DM particles. The purpose is to determine fundamental properties, such as the mass

and the cross-section of this species, fixed the well-know relic abundance ΩDMh
2 ≈

0.1199± 0.0027 as measured by PLANCK [9] and we will discuss in Section 1.4.

As for baryonic matter, depending on the DM mass at decoupling, we have non-relativistic

(cold) DM for mDM >> Tf , otherwise the DM particles are relativistic. The case of

semi-relativistic DM correspond to mDM ≈ Tf . The non-relativistic case is favoured

by standard theory of large-scale structures. In the cold DM model, structure grows

hierarchically (bottom-up), with small objects collapsing under their self-gravity first

and merging in a continuous hierarchy to form larger and more massive objects. In

the hot DM paradigm, structure forms by fragmentation (top-down), with the largest

superclusters forming first subsequently fragmenting into smaller pieces as galaxies. The

predictions of the hot DM theory disagree with observations of large-scale structures,
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whereas the cold DM paradigm is in general agreement with the observations [6]. How-

ever, several discrepancies between the predictions of the particle cold DM paradigm

and observations of galaxies and their clustering have also arisen. Firstly, the cuspy halo

problem: the density distributions of DM halos in cold DM simulations are much more

peaked than what is observed in galaxies by investigating their rotation curves. Sec-

ondly, the missing satellites problem: cold DM simulations predict much larger numbers

of small dwarf galaxies than are observed around galaxies like the Milky Way. Thirdly,

the disk of satellites problem: dwarf galaxies around the Milky Way and Andromeda

galaxies are observed to be orbiting in thin, planar structures whereas the simulations

predict that they should be distributed randomly about their parent galaxies. Some

solutions have been proposed for these problems, but it remains unclear whether they

can be solved without abandoning the cold DM paradigm [7].

Depending on the annihilation rate, we get thermal or non-thermal DM. For large ther-

mal cross-section, DM is in both kinetic and chemical equilibrium with the plasma before

decoupling. In this case, the initial abundance is irrelevant for the final relic density as

shown in Fig. 1.2. The latter depends only on the DM abundance at freeze-out. In the

case of a not-full equilibrium the final abundance is determined by the annihilation rate

as well as the initial abundance. If the initial abundance is small, the dominant produc-

tion occurs at mDM <∼ T and the relic abundance is freeze-in. In the freeze-out scenario

the final abundance is inversely proportional to the annihilation rate, in the freeze-in

case it is directly proportional [8]. In the case of small annihilation rate, DM particles

are produced already decoupled from the thermal bath. In this case the no-thermal relic

density does not depend on the thermal production but only on the initial abundance.

The Weakly Interacting Massive Particles (WIMPs) are the most plausible DM candidate

so far (see Section 1.5). In the generic WIMP scenario, two heavy particles can annihilate

producing two lighter particle DM DM → PP̄ . The light particles are assumed to be

in equilibrium with the cosmic plasma, with nρP = n
(0)
ρP . In such a scenario, the only

unknown variable in the Boltzmann equation 1.9 is the WIMP’s number density nρDM:

a−3
C

d
(
nρDMa

3
C

)
dt

= 〈σv〉
{(

n
(0)
ρDM

)2
− n2

ρDM

}
, (1.11)

To determine the present-day abundance of DM relics, we need to solve the previous

equation (1.11). The DM energy density εDM at the freeze-out is proportional to the ratio

between the DM mass and temperature at freeze-out (mDM/Tf ), the temperature of the

plasma at equilibrium T0 and is inversely proportional to the value of the annihilation

cross-section 〈σv〉 (particles with larger cross-section freeze-out later) and decreases with

the Universe expansion ∼ a−3
C [4]:
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Figure 1.2: From P. S. B. Dev, A. Mazumbar, S. Qutub [8]. Here, Ωχ ≡ ΩDM and
mχ ≡ mDM. The picture show the DM relic density in the both freeze-out (full lines)
and freeze-in (dotted lines) scenario. As we explain in the text, in the former the relic
abundance depends on the species density at the freeze-out temperature, while in the

latter only depend on the initial abundance.

εDM ≈
H(mDM)mDMT

3
0 /Tf

m2
DM 〈σv〉

(1.12)

where the Hubble expansion rate H(mDM) at the temperature T = mDM depend on

the effective number of relativistic degrees of freedom g?(mDM), that is a function of

the DM mass. The estimation of the fraction of critical density today contributed by

DM is ΩDM ≈ 10−26cm3s−1/ 〈σv〉 [9]. This is the value expected for Tf ∼ 100 GeV. At

such temperatures, g?(mDM) ∼ 100 because of the contribution from all the particles of

the SM (quarks, leptons, photons, gluons, weak bosons and Higgs) while mDM/Tf ∼ 20.

The typical value of the annihilation cross section required to get ΩDM ≈ 0.31 is then

upon 〈σv〉 ≈ 10−3GF, where GF is the Fermi’s constant, related to the weak interactions.

This fact is called the WIMP’s miracle.

1.3.4 Inflation

Despite the numerous achievements of the SCM, such a description of the evolution of

the Universe presents some inconsistencies. The first one is the horizon problem: the

CMB radiation is isotropic even for angular scales corresponding to regions that were not

causually connected at decoupling time. The second is the flatness of the Universe: the

solutions of the Einstein’s equations with kC = 0 are unstable and therefore the curvature

of the Universe today requires a very fine adjustment of the initial conditions. The third
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problem is the structure formation: the existence of large scale structures in the Universe

as galaxies and galaxy clusters can be explained as amplification of primordial density

perturbations, but the SCM does not provide a mechanism for generating such initial

perturbations. In 1980, A. Guth realized that such inconsistencies could be resolved

hypothesizing a phase of exponential expansion in the primordial Universe [10]. Such

a theory solves the horizon problem because the inflation could enlarge the causally

connected region. The flatness would be reached during the inflation period itself and

the large scale structures should been originated from primordial quantum fluctuation

that stretched to larger scales.

1.4 Dark Matter evidence

The existence of DM is hypothesized because of discrepancies between the mass of large

astronomical objects determined from their gravitational effects and the mass calculated

from the luminous matter. While examining the Coma galaxy cluster in 1933, F. Zwicky

was the first to use the virial theorem to infer the existence of unseen matter, which he

referred to as non-luminous matter. He calculated the gravitational mass of the galaxies

within the cluster and obtained a value at least 400 times greater than expected from

their luminosity, which means that most of the matter must be dark [11]. Such discrep-

ancy is evident also in rotational curves of spiral galaxies and in gravitational lensing

effects as observed in the Bullet Cluster (see Section 1.4.2). Moreover, observational

data of satellite experiments such as COBE, WMAP and PLANCK are well reproduced

by a SCM that accounts for the 26.8% of DM of the total amount of mass-energy in the

Universe [9].

1.4.1 Galactic Rotation Curves

The Galaxy rotation curve problem represents one of the first probes of the existence

of DM. At large distances from the Galactic Center (GC) the gravitational potential

should be that produced by a central point mass and, in the absence of forces other

than gravitation, it should be expected that GM/r2 = v2
ω/r (G, universal gravitation

constant; M, galactic mass; r, galactocentric radius; vω, rotation velocity), therefore

vω ∝ r−1/2. As shown in Fig. 1.3, the Keplerian decline was not observed, but rather,

flat rotation curves with vω=cte were obtained [12]. The DM hypothesis interprets this

result in the sense that the Keplerian regime holds at much greater distances than those

at which we obtain observations. There should be a large amount of DM extending

far beyond the visible matter in a more or less spherically symmetric DM halo. If
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Figure 1.3: (Left–panel) From: V.C. Rubin, W.K. Ford and N. Thonnard [12]. The
observations of the almost flat rotation curve in several spiral galaxy was one of the first
motivation to hypothesize the existence of DM. (Right–panel) From: A. H. Broeils [12].
Here, Vc = vωThe observed rotation curve with different disk-halo models.The dotted
and dashed lines indicate the gas and stellar disks. The dot-dashed line shows the
rotational velocities of the halo; the full line is the contribution of all the components.

its distribution is spherically symmetric, the mass interior to a sphere of radius rsphere

would be M(rsphere) ∝ rsphere, so that we obtain a first rough model of DM density

distribution: ρ(r) = (1/4πr2)dM/dr = vω/4πGr
2, i.e. ρ(r) ∝ r−2, for distances far

beyond the visible radius. This model is obviously over simplified. Detailed models

have been proposed so far. Cored profiles, such as Isothermal or Burkert profile are

motivated by the observations of galactic rotation curves, but are in conflict with the

results of numerical N-body simulations that suggest the Navarro-Frank-White (NFW)

or Einasto profile as the better choice [13]. A very recent work also demonstrated the

presence of DM in the inner part of the Milky Way, including the solar system [14].

The NFW profile, peaked as r−1 at the GC, is a traditional benchmark choice for the

DM density distribution on the Milky Way, while the Einasto profile better describes

DM distribution in some dwarf spheroidal galaxies (dSphs). Their formal expressions

are:

ρNFW(r) =
As

r(r + rs)2

ρEinasto(r) = ρsexp

{
−2n

[(
r

rs

)1/n

− 1

]}
(1.13)
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Figure 1.4: A light ray passes through the lens plane, it is deflected by an angle ~̂α(~ξ)

proportional to the lens mass. ~ξ is a 2-dimensional vector in the lens plane.

where As is the overall normalization, rs the scale radius, ρs a constant density and ns

is the Einasto index.

Recently, N-body simulations that try to include the effects of baryons on DM distribu-

tion have found modified profiles that are steeper in the center with respect to the DM

only simulations [15], as we discuss in the Section 2.3.

1.4.2 The Gravitational Lensing

On larger scales, DM affects gravitational lensing observations. As we underline in the

timeline of the main cosmological discoveries, the light deflection was the first experi-

mental proof of Einstein’s GR Theory. The gravitational field of a massive object will

extend far into space, and cause light rays passing close to that object (and thus through

its gravitational field) to be bent and refocused somewhere else. Gravitational lensing

happens on all scales. The more massive the object, the stronger its gravitational field

and hence the greater the bending of light rays. The gravitational field of galaxies and

clusters of galaxies can lens light, but so can smaller objects such as stars and planets.

The kind of lensing that cosmologists are interested in is on the large scales of galaxies

and clusters of galaxies. Light rays coming from more distant galaxies that passe close

to a cluster may be distorted by its mass. It is the DM in the cluster that does almost

all of the lensing. The effects can be very strong and very strange; the images of the

distant, lensed galaxies (usually elliptical or spiral shaped) are stretched and pulled into

arcs as the light passes close to the foreground cluster. The effects in the image depends

on the lens, its mass and the position of the source with respect to the observer and the

lens itself. Without entering into the formalism of gravitational lensing, we would just
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Figure 1.5: From C. Lage and G. Farrar [16]. Six observational data set of the Bullet
Cluster. The mass distribution calculated with the gravitational lensing (figure (a))

does not match the luminous matter distribution showed in the other figures.

point out that for lensing analyses we are interested in the spatial part of the geodesic

equation (1.1) to solve the path of the light ray. As illustrated in Fig. 1.4 the light

ray emitted from a distant source is distorted as it passes an overdense region. At all

times, the position of the ray can be characterized by a 2D vector specifying its angular

distance from the center of the lens. In the first thin lens approximation the deflection

of the light ray is proportional to the lens mass:

α̂ (ξ) =
4GM (ξ)

ξ
(1.14)

where M (ξ) is the mass embedded in the radius ξ

M (ξ) = 2π

∫ ξ

0
Σ
(
ξ′
)
ξ′dξ′ (1.15)

with the surface density Σ (ξ′) given by the projection on the 2D lens plane of the

3-dimensional mass density distribution of the lens itself:

Σ (ξ) ξ =

∫
ρ
(
~ξ, z
)

dz (1.16)

where z is the direction along the line of sight. The strong gravitational lensing causes

dramatic distortions as multiple images, arcs and rings. The weak lensing effect produces

small but statistically coherent distortions of the background sources. When multiple

images can not been resolved, we have micro lensing effects.
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The best-known system with which to test the DM hypothesis is the Bullet Cluster

(1ES 0657-558), where both strong and weak lensing effects are observed [16]. The

gravitational lensing analysis shows that the most part of the mass of the system is

actually distributed in two interacting galaxy clusters, that are not detectable as lumi-

nous matter (Fig. 1.5). The hot gas in this collision was slowed by a drag force, similar

to air resistance. In contrast, the DM was not slowed by the impact, because it does

not interact directly with itself or the gas except through gravity. This produced the

separation of the dark and normal matter seen in the data. If hot gas was the most

massive component in the clusters, as proposed by alternative gravity theories [17], such

a separation would not have been seen. Instead, DM is required.

1.4.3 The Cosmic Microwave Background

As we introduced in the Section 1.3, the existence of the CMB and the expansion of the

Universe imply a hot early phase, which becomes hotter and denser as we go backwards

in time. In this epoch, the Universe is a plasma containing more and more species of

particles as we go backwards in time and new channels are opened for pair production

to the increasingly energetic photons. In this way, when the photons are cold enough,

the baryons and electrons recombine to form neutral hydrogen and helium atoms, and

the photons are free to propagate: the Universe become transparent. The CMB is

the footprint of the last scattering surface, beyond (looking backward in time) which

the Universe becomes optically thick. The first measurement developed by COBE re-

veal that the CMB corresponds to a blackbody radiation at TCMB = 2.725 ± 0.001K

[5]. After that, improved experiments such as WMAP and PLANCK showed that in

different directions the black body temperature exhibits small deviations from TCMB.

The anisotropy depends on the cosmological parameters and on the model of inflation.

Such variations of the blackbody temperature depend on the angular scale, as showed

in Fig. 1.6 [18]. Such a picture is the result of a spherical harmonics expansion of the

temperature fluctuations:

T (θ, φ) =
∑
lm

almYlm (θ, φ) . (1.17)

Such an expansion introduces the dependence on the two angles of the observed sphere

θ, φ: θ ∝ 180◦/l, so that l = 100→ θ ≈ 2◦ degrees of sky.

The position and height of each peak in Fig. 1.6 is determined by a particular combina-

tion of cosmological density parameter Ωi,kC ,Λ, defined in Section 1.3.2. The monopole

term is the blackbody temperature. The dipole term is associated with the Doppler
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Figure 1.6: From W. Hu and M. White [18]. Representation of the CMB power
spectrum. The 3K blackbody spectra is actually a more complicated figure. Multipole
terms are associated with different angular scales. The comparison on the first three

peaks gives an estimation of matter contents of the Universe (see text).

shift of 3.346 ± 0.017mK introduced by the Solar system motion relative to the CMB.

The almost scale invariant spectrum of density perturbation at l ≤ 100 is associated

to angular scales bigger than the Hubble radius at decoupling. The existence of such

a Sachs-Wolfe plateau is a generic prediction of the inflation. The information on the

Universe contents is associated with 100 < l ≤ 1000. The position of the first acoustic

peak at l ' 220 results in a flat Universe with ΩkC = 0.0001+0.0054
−0.0052. The comparison

of the relative height of the firsts three peaks gives an estimation of the baryonic and

DM content of the Universe. The second peak not so high as the first one because the

baryons feel the radiation pressure, while DM does not. Recent data from PLANCK [9]

set ΩM = 0.315± 0.017. Of such 31% of matter contents, the 26% is DM while just the

5% is baryonic matter. The missing 69% is dark energy. The harmonic expansion of

order l > 1000 corresponds to angular scales smaller than 5′ of arc and shows damping

tail due to baryon diffusion effects.

1.5 Dark Matter candidates

Despite the gravitational evidence of the existence of DM, there is still no consensus

on what it is composed of, as we introduced in the previous section. The properties

of large scale structures observed in our Universe imply that DM is fairly cold and its

particles are relatively slow-moving. If DM were composed of relativistic particles as

neutrinos, it would not clump under its own gravity on small scales, as predicted in the
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Figure 1.7: From S. Gardner and G. Fuller [19]. Summary of the DM particle zoo
candidate. Each model cover a different area of the σ −mDM parameter space.

structure formation model. It turns out that a massive cold stable particle interacting

via the weak force will leave just about the right amount of remnants to account for the

observed DM density.

Specific WIMP theories include Supersymmetry and Extra dimensions. Another DM

candidate is the Axion. Though axions are far lighter than WIMPs (often 1 eV or

much less), they can be created in the right amount by a non-thermal process which

also naturally leaves them slow-moving. In addition to the candidates above, many

other particles have been suggested, such as WIMPzillas, Q-balls, gravitinos, etc. In

most of the cases, this DM appears in models that are motivated by other problems in

physics. As shown in Fig. 1.7, each DM candidate covers an allowed range of masses

and cross-sections that needs to be compared with observations [19]. In this section we

will introduce the details of some candidates of particular interest for this thesis.

1.5.1 Supersymmetry, Extra-dimensions, Axions.

So far the most popular DM candidate can be found in Supersymmetric models. Su-

persymmetry (SUSY) predicts that each particle in the SM has a heavier (NSUSY = 1

supersymmetry) SUSY partner of different spin but similar interactions. It can improve

the hierarchy problem, making the weak scale stable under electroweak radiative cor-

rections in a natural manner and consistent with precision electroweak measurements,

while provide all the ingredients needed for successful electroweak baryogenesis. At the

same time, it provides a suitable candidate for DM and allow gauge coupling unification
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to occur at very high energy scale.

The Minimally Supersymmetric Standard Model (MSSM) [20] is one of the most pop-

ular among others. In this model, baryon number and lepton number are no longer

conserved by all of the renormalizable couplings in the theory. R-parity forbids these

couplings. All Standard Model particles have R-parity of +1 while supersymmetric par-

ticles have R-parity of −1. While the constraints on single couplings are reasonably

strong, if multiple couplings are combined together, they lead to proton decay. With

R-parity being preserved, the Lightest Supersymmetric Particle (LSP) cannot decay.

Typically the LSP as DM candidate of the MSSM is an admixture of the electroweak

gauginos and Higgsinos and is called a neutralino. In extensions to the MSSM, it is

possible to have a sneutrino be the DM candidate. Another possibility is the gravitino,

which only interacts via gravitational interactions and does not require strict R-parity

[21]. The MSSM could solve many problems in cosmology and particle physics [20] and

it is able to generate electroweak symmetry breaking radiatively, in contrast to the SM

in which it is put ad hoc. The unconstrained MSSM has more than 100 parameters in

addition to the SM parameters. This makes any phenomenological analysis impracti-

cal. Nevertheless, in the phenomenological MSSM (pMSSM) the additional parameters

are reduced to 19. The pMSSM is designed taking into account that no new source of

CP-violation and no flavour changing neutral currents have been observed in low-energy

observables and direct searches (Section 2.2).

Despite the successes of SUSY, alternative models for physics beyond the SM may solve

the hierarchy problem and the DM puzzle in the WIMP framework. Among others,

physics in extra-dimensions is a possibility. Extra-dimension theories suggest that our

Universe may have more spatial dimensions than the three we are familiar with. In

the Universal Extra-Dimensions (UED) scenario, all the fields of the SM are allowed to

probe the extra dimensions. In this model, there is a conserved quantum number known

as KK-parity, under which all the odd-numbered KK modes are charged. KK-parity is

analogous to R-parity in supersymmetric models. The conservation of KK-parity has

the consequence that KK particles can only be produced in pairs, and hence, experi-

mental constraints are reduced. In the Kaluza-Klein theory [22] every multidimensional

field corresponds to a tower of four-dimensional particles with increasing masses. At

low energies, only the lightest particles (E < 1/Dex−d) can be produced, whereas at

E ∼ 1/Dex−d extra-dimensions will show up. Here, Dex−d is the dimension of the Dn
ex−d

volume in which n extra-dimensions are compactified. Such a volume dilutes the strength

of gravity from the fundamental scale M? to the Planck scale M2
Pl = M2+n

? Dn
ex−d. The

Lightest Kaluza-Klein Particle (LKP) is often stable if KK-parity is conserved. The al-

lowed range of masses for the LKP (KK photon) and LSP (neutralino) is between tens of

GeV and few TeV [23]. If the extra-dimension model contains branes, their fluctuation

called branon are also a new particle for the effective four-dimensional phenomenology.
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In the next Section, we will describe in more detail branons as DM candidates, referring

to the bibilography for a detailed discussion of other WIMPs [19–23].

Nevertheless, non-WIMPs are also DM candidates, of which axions are an example.

Axions arise from attempts to explain why the strong interaction seems to obey the CP

symmetry. Among other things, CP symmetry would prevent the neutron from having

a large electric dipole moment, otherwise it should has yet been detected. The best

explanation for this strong CP problem predicts a new light neutral particle called the

axion. The axion has a much longer time life than the age of the Universe in many

theories, and can also be produced in the early Universe. However, axions represents

a too low-mass DM candidates for the aim of this thesis. Because of that, we will not

discuss this candidate in detail.

1.5.2 Brane World Theory

In the framework of extra-dimensions, branon is a natural DM candidate also at the

TeV scale. It has been found that massive brane fluctuations (branons) are interesting

candidates for DM in brane-world models with low tension [24]. From the point of

view of the 4-dimensional effective phenomenology, massive branons are new pseudo-

scalar fields which can be understood as the pseudo-Goldstone bosons corresponding to

the spontaneous breaking of translational invariance in the bulk space produced by the

presence of the brane [25, 26]. They are prevented from decaying into SM particles by

parity invariance on the brane. The SM-branon low-energy effective Lagrangian [25, 26]

can be written as

LBr =
1

2
gµν∂µπ

α∂νπ
α − 1

2
m2

DMπ
απα +

1

8f4

(
4∂µπ

α∂νπ
α −m2

DMπ
απαgµν

)
Tµν (1.18)

where α = 1 . . . N , with N the number of branon species.

One can see in Eq. (1.18) that branons interact by pairs with the SM energy-momentum

tensor Tµν and that the coupling is suppressed by the brane tension f4. Limits on the

model parameter from tree-level processes in colliders are given in Fig. 1.8 by present

restrictions coming from HERA, Tevatron, LEP-II and LHC [27], but also prospects for

future colliders such as ILC or CLIC can be found in [26–30]. Additional bounds from

astrophysics and cosmology were obtained in [24].
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Figure 1.8: From J. A. R. Cembranos, J. L. Diaz-Cruz, L. Prado [27]. Constraints
on Brane-World DM from TEVATRON and LEP.

1.6 State of the art: models and observations

Several decades after the first hypothesis about the existence of DM by Zwicky in 1933

and V. Rubin in 1980, such dark component remains still undiscovered. Although the

possible existence of DM rises from astrophysical evidences such as the galactic rota-

tion curves and the gravitational lensing, the need for new physics is also motivated

at microscopic scales. Physics beyond the SM of particle, such as supersymmetry or

extra-dimensions have been developed in order to solve problems at these small scales.

Interestingly, they also provide new candidates for this new kind of matter. In spite

of numerous efforts, no conclusive results have been obtained so far about the nature

of DM. A natural candidate is a WIMP which is expected to have non-vanishing an-

nihilation and interaction cross-sections with SM particles. As we will discuss in next

Chapter, the experimental possibility of detecting such interactions completes the effort

of searching for a DM footprint.
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Chapter 2

Searching for Dark Matter.

In spite of the numerous gravitational probes and theoretical models discussed in the

previous sections, a conclusive identification of the dark component of matter has not

yet been found. Although there are many plausible origins for this component [31], DM

is usually assumed to be in the form of thermal relics that naturally freeze-out with the

right abundance in many extensions of the SM of particles [32]. In order to confirm its

nature, DM searches have followed different directions. On the one hand, DM particles

can be produced in laboratory experiments such as high-energy particle colliders [33].

On the other hand, local DM can be detected in a direct or indirect way [34–40]. As

illustrated in Fig. 2.1, each direction of investigation addresses to a different kind of

way to explore the interaction between DM and SM particles. In colliders DM particles

should be generated through the interaction of two SM particles SM SM→ DM DM with

cross-section σSM-SM (Section 2.1). The direct search focuses on the non-zero coupling

of DM particles with heavy nuclei σDM-SM in the process DM SM → DM SM (Section

2.2). Finally, the indirect search allows to set constraints on the annihilation cross-

section between two DM particles σDM-DM (as during the freeze-out epoch) to produce

SM particles DM DM→ SM SM (Section 2.3).

2.1 Searches at Colliders

To understand the nature of DM as a particle it is necessary to determine the interaction

to the rest of known particles. Colliders are fundamental tool in this respect. The

simplest way to assure that DM particles are stable over the lifetime of the Universe is

to assume that they carry a new conserved quantum number that is not shared by the

SM particles. As we discussed in the Introduction, DM models typically consider a DM

particles of mass of ∼ 100 GeV in thermal equilibrium in the early stage of the Universe.

23
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Figure 2.1: DM detection [40]. Direct detection address the annihilation (or decay)
rate of DM particles in astrophysical or primordial sources. The inverse process of DM
production is investigated in underground colliders experiment, while the DM scattering

with SM-nuclei is object of the direct sector.

Therefore, on one hand, the annihilation cross section σDM-DM needs to be compatible

with the relic abundance ΩDM . The DM mass and the annihilation cross section allow to

estimate the DM pair-production cross section σDM-SM in colliders. The majority of DM

searches at colliders is related with supersymmetric models. In these models, the DM

particle is only the lightest in a complete spectrum of new particles with the conserved

discrete quantum number. The pair-production of particles with QCD colour has a

large cross-section and the heavy coloured particles then decay down throughout the

new particle spectrum, emitting quarks and leptons with a large transverse momenta

pT and a missing transverse momentum 6 pT carried away by the unobserved lightest

particle, the DM. In this technique the problem is the estimation of the background

of heavy SM particles as W, Z and t in association with a number of jets from QCD

radiation. In order to get an estimate of the DM mass, the sum of 6 pT and highest-pT

jets gives a distribution meff

meff =6 pT +
∑
i

pTi (2.1)

that peaks at the position correlated with the mass difference between the mass of the

primary coloured particle and the DM mass meff ≈ 2 (mP −mDM). Indeed, the search

at colliders depends on the masses of the primary particles produced. Depending on

the model parameters the spectrum of SUSY particles can extend up to masses of 1

TeV and above. Unfortunately, it is unlikely that masses and couplings of such particles
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could be measured with the same accuracy as for particles of lower masses, and some

of these particles may not be visible at all at the next generation of colliders [23]. As

we will discuss later, this fact represents an important limitation for the direction of

investigation of this thesis. So far the Large Hadronic Collider (LHC) [41] put the

strongest limit on lower DM masses. In 2012 the ATLAS and CMS experiments at the

LHC at CERN have claimed the discovery of the Higgs mechanism, contributing to the

understanding of the origin of the mass of subatomic particles [42]. So far, such Higgs

boson has the properties of a SM particle. The present run of the LHC, started in the

spring of 2015, will investigate deviations from the SM predictions and search for heavier

Higgs bosons. The measurements of the Higgs boson coupling to the top quark and to

the muon may reveal some substructure inside this Higgs boson, or provide some other

evidence for physics beyond the SM.

2.2 Direct Detection

Weakly interacting DM candidates are predicted to have non-zero coupling with baryons

generically and may be discovered through searches for nuclear recoil events in DM-

nucleus scattering. For each event, the relative phonon, scintillations and ionization

signals (or a combination of them) need to be discriminated from background events.

Direct detection experiments usually operate in deep underground laboratories to reduce

the background from cosmic rays. The majority of present experiments use one of three

detector technologies: cryogenic detectors, such as CDMS, CRESST, EDELWEISS, EU-

RECA, operating at temperatures below 100mK, detect the heat (phonons) produced

when a particle hits an atom in a crystal absorber such as germanium. Noble liquid

detectors detect the flash of scintillation light produced by a particle collision in liquid

xenon or argon. Noble liquid experiments include ZEPLIN, XENON, DEAP, ArDM,

WARP, DarkSide, PandaX, and the Large Underground Xenon (LUX) detector [43].

Finally, ionization channel is also used for discrimination. Among others, the CoGeNT

experiment uses high-purity germanium crystal cooled to liquid nitrogen temperatures in

its measurements, with a very low energy threshold (∼ 0.5 keV). Such kind of DM detec-

tion depends on: the DM model, via the assumed DM-Nucleon cross-section σ(DM−N);

the DM density distribution in the Galaxy, via the number density ρ�, its velocity ~v

and velocity distribution f (~v) at the solar system frame; finally, on the instrumental

limitation via the nuclear response to the particular interaction [19, 43]. Recently, model

independent analysis have been developed via elastic DM-nucleon scattering in frame-

works of effective field theory. These theories are of great interest because they allow

to identify a full set of operators that describe the potential interactions of DM parti-

cles, and relate them to nuclear response functions allowing to extract more information
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Figure 2.2: From L. Baudis [43]. Summary of current constraints (full lines), hits for
DM signal (shaded closed contours) and next expectation limits (broken lines) on SI

DM-nucleon cross-section form direct detection.

from direct detection experiments [44]. The differential rate of events can be expressed

as [23, 43]:

dR
dER

= NT
ρ�
mDM

∫ vmax

vmin

d~vf (~v)
dσ(DM−N)

dER
(2.2)

where NT is the number of target nuclei, mDM is the DM mass and the recoil energy

ER = m2
rv

2 (1− cosΘ) /mN. The scattering angle in the center-of-mass frame is Θ, mN

and mr are the nuclear and reduced mass respectively. The minimum velocity is defined

ad vmin =
(
mNEth/2m

2
r

)1/2
with Eth the energy threshold of the detector and vmax the

escape velocity in the Earth frame. The σDM-N scattering cross-section is actually a

combination of a spin-independent (SI) and spin-dependent (SD) components. Without

entering in details, the contribution to the SI or SD component depends on the DM

candidate [23]. In Fig. 2.2, we show an overview of the exclusion limits of DM-Nucleus

SI cross-section versus the DM mass of current and next generation of direct search

experiments for WIMPs DM. The next generation of experiments such as DarkSide-

50, LUX, XENON1T and DARWIN [45] among others are designed to probe the entire

parameter region for WIMP mass above ∼ 6 GeV to the TeV scale and until the neutrino

background dominates the recoil spectrum.



2- Searching for Dark Matter 27

2.3 Indirect Detection

As we discussed in Section 1.4, astrophysical and cosmological probes tell us that the

26.8% of the content of the Universe is DM [9]. Such DM is distributed from small to

large scale. On the one hand, the Milky Way rotation curve shows that DM is inside the

Galaxy [14] and the dSphs are some of the most DM-dominated objects known [46]. On

the other hand, gravitational lensing by galaxy clusters also allows to establish the pres-

ence of DM on larger scales. For these reasons, searching for DM signals in astrophysical

sources is well motivated. If a DM component dominates in such systems, DM parti-

cles may annihilate or decay into SM particles and the signature of the final products of

such processes may be detected taking into account the uncertainties in the astrophysical

background component. Because of this kind of interaction, we can perform DM model

independent searches. In DM-DM→SM-SM events the SM annihilation/decay spectra

for a given channel is independent by the DM model if internal Bremsstrahlung can be

neglected, while it depends only on the energy of the event, that is proportional to the

DM mass. The probability of annihilation or decay in different channels of the SM, then

gives information about the DM nature. This fact allows to perform a broad study on

DM searches and give new prospects for physics beyond the SM. However, this kind

of research is affected by numerous uncertainties due to the DM density distribution,

the background estimation and the simulation of the produced secondary flux of SM

particles with Monte Carlo events generator code (Chapter 7). This section is dedicated

to review the physics of indirect search of DM and to introduce the pillar equations that

will be useful in the rest of this thesis.

The multimessenger astroparticle approach to the study of the final products of DM-

DM→SM-SM process is fundamental for DM detection [47]. The final flux observed at

the Earth for different cosmic rays has some common characteristics so as some differ-

ences, depending on the physics of emission, propagation and detection. We give a single

equation in order to join the common part and discuss the differences between different

cases. The secondary products of annihilation and decay of DM particles contribute to

the cosmic-ray differential flux at the Earth as

dΦcr-DM

dE
= ηcr ·

2∑
a=1

SM channels∑
i

ζ
(a)
i

a

dN
(cr)
i

dE
· κ

(a)
cr

4π ma
DM

, (2.3)

where:

• ηcr depends on the secondary particle (cosmic-ray) of interest and the physics of

its propagation. In particular, ηγ = 1 for gamma-ray secondary flux (Chapter 3

and 4). In Chapter 5 we show that for neutrinos ηνf ≡
∑3

p=1 Pfp, where p is the
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neutrino flavor at the source and f at the observer and the matrix P for astrophys-

ical neutrinos depends on the mixing angle and neutrino oscillation. Finally, ηcr

depends on the charged particle velocity as described in Chapter 6 for antiprotons.

• The total flux is given by decay (a = 1) and annihilation (a = 2) events of DM

particles into the i-th SM particle (decay/annihilation channel). The ζ factor dis-

cerns between these two cases: ζ
(1)
i = 〈1/τdecay

i 〉 and ζ
(2)
i = 〈σiv〉 are respectively

the averaged of the inverse of the decay time and the medium thermal averaged

annihilation cross section times velocity. The probability that DM annihilates or

decays into the i-th channel depends on the nature of DM. In Chapter 4 we will

give same applications to Branon DM.

• The differential number dN
(cr)
i /dE of cosmic-rays produced at the source by sub-

sequent events of annihilation or decay of SM particles is simulated by means of

Monte Carlo events generator codes, such as PYTHIA or HERWIG. Some uncertain-

ties may be introduced in the evaluation of both the ζi and κcr factor due to the

choice of the Fortran or C++ versions of PYTHIA or HERWIG code, as discussed in

Chapter 7 for the particular case of gamma rays.

• For galactic sources, the κcr factor depends on the astrophysics of DM distribution

as well as on the cosmic-ray propagation. Such κ-factor will be discussed in detail

in the next Section 2.3.1.

• mDM is the DM mass. Usually, it represents one of the free parameters that needs

to be fitted with experimental data.

2.3.1 κ-factor.

As introduced, the κ-factor includes the properties of DM distribution (astrophysical fac-

tor) and cosmic-rays propagation (diffusion factor) depending on whether we are dealing

with secondary flux of neutral or charged particles. Neutral particles as gamma rays

and neutrinos propagate almost in straight line, without interaction with the magnetic

field or the Interstellar Medium (ISM). In this case, we can determine with a certain

precision the source of the observed flux. This is not the case of charged particles which

interact with both the galactic and solar magnetic fields in addition to the ISM. In this

case, we get a diffuse flux of particles coming from all the points of the Galaxy. In this

section we discuss the two cases in detail.
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Figure 2.3: Geometry of the Milky Way coordinate system related to the astrophysical
factor estimation. The yellow form represents a generic DM substructure in the Galactic
halo, located at distance r from the GC. The astrophysical factor depends on the
distance l of the structure with respect to the observer at the Earth (located at r� = 8.5
Kpc from the same GC), and on the angle Ψ. The ability to resolve the dimension of
the source depends on the detector angular resolution θ. The numerical value of the

astrophysical factor depends also on the local DM distribution.

2.3.1.1 Astrophysical factor

When the secondary particle of interest is neutral, that is the case of gamma rays and

neutrinos, we can neglect the effects of particle diffusion in the Galaxy. The particle

travels along an almost straight line from the source to the observer, so that the final

flux observed on the Earth depends only on the flux emitted at the source and the DM

distribution ρ(r). In any case, the precision in the determination of the position and

the angular dimension of the emitting source depends on the angular resolution of the

device. In this case, the κ-factor is the astrophysical factor:

κγ,ν ≡ 〈J(a)〉∆Ω
=

1

∆Ω

∫
∆Ω

dΩ

∫ lmax(Ψ)

0
ρa[r(l)]dl(Ψ) . (2.4)

In Eq. (1.13) we gave two expressions for the DM distribution ρ(r). For a = 1, 2 DM

decay or annihilate respectively. As illustrated in Fig. 2.3, in the case of the Milky
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Figure 2.4: Barrau et al. [48]. Because of the propagation and diffusion of charged
particles in the Galaxy, directional observation are not achievable. The antiprotons
produced in a point of the Galaxy (green star) are received as a diffuse flux at the
Earth (black spot). This is because of the interaction with magnetics field and ISM

(see Section 2.3.1.2 and Chapter 6 ).

Way, l is the distance from the Sun to any point in the Galaxy disk and halo. The

radial distance r of any point in the halo is measured from the GC, and is related to

l by r(l,Ψ)2 = l2 + r2
� − 2r�l cos Ψ, where r� ' 8.5 kpc is the distance from the Sun

to the center of the Galaxy. The distance from the Sun to the edge of the halo in the

direction Ψ from the GC is lmax = r� cos Ψ +
√
r2 − r2

� sin Ψ. Then, for un-charged

particles, directional observations are feasible. The astrophysical factor depends on

solid angle of the detector, that is typically of order of ∆Ω = 2π(1 − cos θ), being θ

the angular resolution or open angle of the telescope. The scale parameters of the DM

density distribution such that in Eq. (1.13) are fixed so that ρDM(r�) = 0.3 GeVcm−3

approximately as by cosmological constraints.

2.3.1.2 Diffusion factor

Charged cosmic-ray propagation in the Galaxy is a complex process affected by many

different physical phenomena, such as the interaction with both the Galactic magnetic

field and wind, and the ISM. For this reason directional observations are not achievable.
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Figure 2.5: From D. Bauer et al. [51]. Current (full line) and expected (broken line)
constraints for direct, indirect and collider search of DM annihilating in (from the left

to the right) gluons, quarks and leptons channel.

In fact, on the one hand, the signal detected on the Earth is a combination of the

signal emitted in all the points of the Galactic halo, propagated and diffused all around.

On the other hand, the signal produced from a Galactic source is spread and reaches

the Earth in different points (Fig. 2.4). Propagation parameters are set by boron-to-

carbon (B/C) and subiron-to-iron (sub-Fe/Fe) cosmic-ray nuclei data analyses. Different

configurations of parameters may be compatible with both sets of data [48, 49]. In this

case the κ-factor is a diffusion term that takes into account the effects mentioned before:

κc̄r ≡ Rc̄r(r�, E). (2.5)

The diffusion factor at the position of the sun Rc̄r(r�, E) for a generic charged cosmic-

ray c̄r is the solution of a diffusion equation that depends on the particle of interest and

on the DM source and distribution. As an example, we will review in the Chapter 6

the general case for antiproton production and diffusion. Similar equations have been

developed in literature for electron, positron, deuteron and so on. They can been found

for example in [50].

2.4 State of the art: experimental search

In this chapter we have introduced the experimental techniques that are used for DM

searches. Although weakly interacting, DM particles are expected to have a non-

vanishing annihilation and interaction cross-sections with SM particles. As illustrated

in Fig. 2.5, direct, indirect and collider searches cover different areas of the σ −mDM

parameter space. The figure shows the state of the art of the current and next generation

of DM experiments [51]. In spite of numerous efforts, no conclusive results have been

obtained so far. Recently, LHC got important results in the physics of the SM with the



2- Gamma-ray Flux from the Galactic Center 32

discovery of the Higgs particle, but no signal of physics beyond the SM. In 2008, the

working group of DAMA/LIBRA underground laboratory claimed for a DM signal at

low DM masses, but such an observation has not been confirmed yet by other experi-

ments [52]. Important limits seem to be associated with direct and collider experiments

at high energy. In this Chapter, we focused in particular on the indirect search. We

have reviewed in detail the equations for several cosmic-ray secondary fluxes. We have

illustrated the similarities in the general form of the equations for different cosmic rays

and discussed the differences in the η and κ factors. Current cosmic-ray observations

allow to set constraints on DM masses and models [53]. In the following Chapters of

this thesis we will investigate a particular astrophysical source, the GC. We will show

that data from current generation of gamma-ray, neutrino and antiproton experiments

suggest the possibility of a TeVDM candidate. Such an energy scale is actually uncon-

strained by direct research and colliders experiments and represents a new frontier for

particle physics.



Chapter 3

Gamma-ray Flux from the

Galactic Center

In the framework of indirect searches, the observation of gamma-ray fluxes from astro-

physical sources represents one of the main approaches to solve the DM puzzle. If DM

annihilates into SM particles, the subsequent chains of decay and hadronization of unsta-

ble products produce gamma-ray photons generically. The observation of this signal is

highly affected by astrophysical uncertainties in the gamma-ray backgrounds and in the

DM densities and distribution (see Chapter 7). On the other hand, depending on both

astrophysical and particle physics models of DM, the signature could be distinguishable

from the background. Appealing targets for gamma-ray observations of annihilating DM

are mainly selected according to the abundance of DM in the source and their distance.

Galaxy clusters, dSphs or the GC of the Milky Way are traditional targets of interest.

Galaxy clusters are very rich in DM, but they are very distant objects. DSphs are also

characterized by high DM densities but at much shorter distances. In any case, despite

their proximity, observations of dSphs have not been able to detect any gamma-ray flux

signature over the background so far [54, 55]. On the other hand, the GC represents

a very close target, but the complexity of the region, due to the high concentration of

sources, makes the analysis quite involved.

In this Chapter, we will focus on the analysis of very high energy (VHE) gamma rays

coming from the GC. Different observations from the GC have been reported by several

collaborations such as CANGAROO [56], VERITAS [57], HESS [58, 59], MAGIC [60]

and FERMI-LAT [55, 61]. In particular, we will analyze the data collected by the HESS

collaboration during the years 2004, 2005, and 2006 associated with the HESS J1745-

290 GC source [59]. The interpretation of these fluxes as DM signal has been widely

33
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discussed in the literature from the very early days of the publication of the observed

data [62–65]. It was concluded that the spectral features of these gamma rays disfavored

the DM origin [65, 66]. However, in recent studies [36, 67], it has been pointed out that

these fluxes are compatible with the spectral signal of DM annihilation provided it

is complemented with a simple background. This background of gamma rays can be

originated by radiative processes generated by particle acceleration in the vicinity of Sgr

A East supernova and the supermassive black hole [68]. We present a systematic study

of this assumption: In Section 3.1, we show an analysis of the source. A brief review of

the Eq. (2.3) in the case of gamma rays from annihilating DM is presented in Section

3.2. The fit of the HESS data with a total fitting function given by the combination of

the background power law component with an annihilating DM signature is discussed

in Section 3.3. In Section 3.4, we show that the fit to HESS data is also compatible

with FERMI-LAT data from the same region. We summarize the main results of this

Chapter in Section 3.5. Finally, the Appendix A provides useful details for reproducing

the statistical study performed. This Chapter is based on [36] and [69].

3.1 HESS J1745-290 data

DM is expected to be clumped in the central region of standard galaxies. In this sense,

the central part of the Milky Way could be an important source of gamma rays produced

in the DM annihilation processes. Because of its closeness, the GC represents a very

appealing target for the indirect search of DM, but the complex nature of this area makes

the identification of the sources quite difficult. Several sources have been detected not

only in the gamma-ray, but also in the infrared and X-ray ranges of the spectrum. The

absence of variability in the collection of HESS J1745-290 data in the TeV scale, during

the years 2004, 2005 and 2006, suggests that the emission mechanism and emission

regions differ from those invoked in the variable infrared and X-ray emissions [70]. The

significance of the signal reduces to few tenths of degree [59], but the angular distribution

of the VHE gamma-ray emission shows the presence of an adjunctive diffuse component.

The fundamental nature of this source is still unclear. These gamma rays could have

been originated by particle propagation [68, 71] in the neighborhood of the Sgr A East

supernova remnant and the supermassive black hole Sgr A, both located at the central

region of our galaxy [66, 72]. If it was originated by the DM distribution, the morphology

of the source requires a very compressed DM structure. In fact, it has been claimed

[15, 73] that baryonic gas could account for similar effects when falling to the central

region, modifying the gravitational potential and increasing the DM density in the center

(see however [74, 75]). If this is the case, the DM annihilating fluxes are expected to
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be enhanced by an important factor with respect to DM alone simulations, such as the

classical NFW profile [15].
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Γ 2.32± 0.03 2.43± 0.05

χ2/ dof 2.48(57/23) 5.30(137/26)

Figure 3.1: Collection of the HESS data (2004,2005 and 2006) fitted with two simple power
law background. The full line (Power law 1) shows the fit with 23 dof, without take into account
the upper limit constraints on the flux given by the last three points. They are included in
the Power law 2 fit with 26 dof (dotted line). The parameters of the fit can be found in the
table. Because of the poorness of both the fits (χ2/dof = 2.48 with Γ = 2.32± 0.03 for Power
law 1, and χ2/dof = 5.30 with Γ = 2.43± 0.03 for Power law 2), they represent just an upper

limit of the flux. These results are consistent with previous studies [59, 72].
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Figure 3.2: The same as in Fig. 3.1, but the power law is modified with an exponential
energy cut-off. The signal is well fitted in this case with the results given in the attached table.

In previous works [59, 72], important deviations from a power law spectrum have been

already reported, and a cut-off at several tens of TeVs has been proved as a distinctive

feature of the spectrum. For instance, the observed data were compared to a simple

power law:

dΦγ−Bg
dE

= Φ0 ·
(

E

GeV

)−Γ

, (3.1)
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and a power law with high energy exponential cut-off:

dΦγ−Bg
dE

= Φ0 ·
(

E

GeV

)−Γ

· e−
E

Ecut , (3.2)

where Φ0 is the flux normalization, Γ is the spectral index and Ecut is the cut-off energy.

The measured spectrum for the three-year dataset ranges from 260 GeV to 60 TeV. We

have reproduced these analyses with the results that can be found in Figs. 3.1 and 3.2.

They are consistent with previous works [59, 72], since the spectrum is well described

by a power law with exponential cut-off (Fig. 3.2), while a simple power law is clearly

inconsistent (Fig. 3.1).

3.2 Gamma-rays from Dark Matter Annihilation

If the signal observed from the GC is a combination of gamma-ray photons from anni-

hilating DM and a background, the total fitting function for the observed differential

gamma-ray flux will be:

dΦγ−Tot
dE

=
dΦγ−Bg
dE

+
dΦγ−DM
dE

. (3.3)

We will assume a simple power law background parameterized as:

dΦγ−Bg
dE

= B(γ) 2 ·
(

E

GeV

)−Γ

. (3.4)

On the other hand, the differential gamma-ray flux originated from DM annihilation

in galactic structures and substructures can be written generically as the Eq. (2.3)

with a = 2, that means ζ
(2)
i = 〈σiv〉 the thermal averaged annihilation cross-sections

of two DM particles into SM particles (also labeled by the subindex i), η = 1 and

κ = κγ = 〈J(2)〉∆Ω:

dΦγ−DM

dE
=

channels∑
i

〈σiv〉
2
·
dN

(γ)
i

dE
·

∆Ω 〈J(2)〉∆Ω

4πm2
DM

(3.5)

We are assuming that the DM particle is its own antiparticle. mDM is the mass of

the DM particle, and the number of photons produced in each annihilating channel

dN
(γ)
i /dE, involves decays and/or hadronization of unstable products such as quarks

and leptons. Because of the non-perturbative QCD effects, the calculation of dN
(γ)
i /dE

requires Monte Carlo events generators such as PYTHIA [76]. In our analysis, we will focus
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on gamma rays coming from external bremsstrahlung and fragmentation of SM particle-

antiparticle pairs produced by DM annihilation. We will ignore DM decays, the possible

production of monoenergetic photons, N-body annihilations (with n > 2), or photons

produced from internal bremsstrahlung, that are model dependent. In particular and in

order to simplify the discussion and provide useful information for a general analysis, we

will consider DM annihilation in each single channel of SM particle-antiparticle pairs,

i.e.

dΦi
γ−DM

dE
= A

(γ)
i

2 ·
dN

(γ)
i

dE
, (3.6)

where

A
(γ)
i

2 =
〈σiv〉∆Ω 〈J(2)〉∆Ω

8πm2
DM

(3.7)

is a new constant to be fitted together with the DM particle mass mDM, and the back-

ground parameters B(γ) and Γ. The astrophysical factor 〈J(2)〉∆Ω
of Eq. (3.5) will be

also indirectly fitted by means of the parameter A
(γ)
i . The dark halo in the GC is usually

modelled by the NFW profile [77] (the first of Eq.s (1.13)). This profile is in good agree-

ment with non-baryonic cold DM simulations of the GC. In this case and accounting for

just annihilating DM, the astrophysical factor is: 〈JNFW
(2) 〉 ' 280 · 1023 GeV2cm−5, value

that we will use as standard reference.

3.3 Single-channel fits

As commented before, the particle model part of the differential gamma-ray flux expected

from the GC is simulated by means of Monte Carlo event generators, such as PYTHIA [76].

However, the fact that simulations have to be performed for fixed DM mass implies that

we cannot obtain explicit mDM dependence for the photon spectra. In order to overcome

this limitation, the simulated spectra of each annihilation channel has been reproduced

with the analytic fitting functions provided in Ref. [38] in terms of the WIMP mass, by

means of mass dependent parameters. The combination of such simulated spectra with

a power law background (Eq. (3.3)) is finally fitted. We assume a typical experimental

resolution of 15% (∆E/E ' 0.15) and a perfect detector efficiency.

For quarks (except the top) electron and τ leptons, the most general formula needed to

reproduce the behaviour of the differential number of photons in an energy range may

be written as:



3- Gamma-ray Flux from the Galactic Center 38

10-11

10-10

10-9

10-8

103 104 105

E2  x 
Fl

ux
 (G

eV
 cm

-2
s-1

)

E (GeV)

HESS data (2004,2005,2006)
Background

Total fit
e channel with 15% R.U.

e channel with 0% R.U.

Channel e+e−

mDM 7.51± 0.11

A(γ) 8.12± 0.73

B(γ) 2.78± 0.79
Γ 2.55± 0.06

χ2/ dof 2.09
∆χ2 32.6
b 111± 20

e−e+ mDM A(γ) B(γ) Γ

mDM 1

A(γ) -0.385 1

B(γ) -0.044 0.512 1
Γ -0.070 0.583 0.991 1

Figure 3.3: mDM(TeV), A(γ)(10−7 cm−1s−1/2), B(γ)(10−4 GeV−1/2cm−1s). Best fit to the
HESS J1745-290 collection of data (years 2004,2005, and 2006 [59]) in the case that the DM
contribution came entirely from annihilation into e+e−. The full line shows the total fitting
function. The poor quality of the fit is evident (χ2/dof = 2.09). The dotted line shows
the simple power law background component with spectral index Γ = 2.55 ± 0.06, while the
DM component with a 15% of resolution uncertainity (R. U.) is given by the double-dotted
line with a normalization parameter A(γ). The dotted-dashed line shows the contribution of
annihilating DM into electron-positron pairs without taking into account such a resolution.
On the top right table, we present a summary of the best fitting parameters. ∆χ2 correponds
to the difference with respect to the best fit channel (dd̄). On the bottom right table, we show

the correlation matrix elements of this statistical analysis.

dN (γ)

dE
=

[
a1exp

−b1( E

mDM

)n1

− b2
(

E

mDM

)n2

− c1(
E

mDM

)d1
+

c2(
E

mDM

)d2


+ q1

(
E

mDM

)1.5

ln

[
p1

(
1−

(
E

mDM

))] ( E
mDM

)2
− 2

(
E

mDM

)
+ 2(

E
mDM

) ]
E−1.5m0.5

DM. (3.8)

The value of the different parameters change with the SM particle annihilation channel

and in some cases, with the range of the WIMP mass. The cases of interest are described

below and the value of the parameters reported in Appendix A.

In the case of the electron-positron channel, the only contribution to the gamma-ray flux
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Figure 3.4: The same as Fig. 3.3 in the case of the µ+µ− annihilation channel. The fit is
only slightly better than for the e+e− case.
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Figure 3.5: The same as Fig. 3.3 in the case of the τ+τ− annihilation channel. This channel
provides the best leptonic fit, although it is not enough to be consistent with data.
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Figure 3.6: The same as Fig. 3.3 in the case of the uū annihilation channel. The cut-off in
the energy spectrum of this hadronic channel reproduces the cut-off in the data, giving good

consistency.

comes from the bremsstrahlung of the final particles. Therefore, in the previous expres-

sion (3.8) the exponential contribution is absent, q1 = αQED/π, and p1 = (mDM/me−)2.

This choice of the parameters corresponds to the well-known Weizsäcker-Williams ap-

proximation (Fig. 3.3).

In the case of the µ+µ− channel, the exponential contribution in the expression above

(3.8) is also absent. A proper fitting function for such a channel can be written as:

dN (γ)

dE
= q1

(
E

mDM

)1.5

ln

[
p1

(
1−

(
E

mDM

)l1)] ( E
mDM

)2
− 2

(
E

mDM

)
+ 2(

E
mDM

) E−1.5m0.5
DM. (3.9)

All the parameters are here mass dependent and their expression for a range of mass

103 GeV . mDM . 5× 104 GeV are reported in Tab. A.1. The best fit for the µ lepton

is shown in Fig. 3.4.

The τ+τ− spectrum needs the entire Eq. (3.8) for an accurate analysis. The value of

the mass independent parameter and the expression of the mass dependent ones used in

this work are reported in Tab. A.2. The best fit for the τ lepton is shown in Fig. 3.5.
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Figure 3.7: The same as Fig. 3.3 in the case of the dd̄ annihilation channel. The χ2/dof
value associated with this analysis is the lowest one obtained in this work and it has been

taken as reference to compute ∆χ2.

10-11

10-10

10-9

10-8

103 104 105

E2  x 
Fl

ux
 (G

eV
 cm

-2
s-1

)

E (GeV)

HESS data (2004,2005,2006)
Background

Total fit
s channel with 15% R.U.

s channel with 0% R.U.

Channel ss̄

mDM 53.9± 6.2

A(γ) 4.85± 0.57

B(γ) 6.59± 5.43
Γ 2.92± 0.29

χ2/ dof 0.90
∆χ2 4.1
b 2045± 672

ss̄ mDM A(γ) B(γ) Γ

mDM 1

A(γ) -0.852 1

B(γ) -0.410 0.784 1
Γ -0.444 0.812 0.998 1

Figure 3.8: The same as Fig. 3.3 in the case of the ss̄ annihilation channel.
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The value of the mass independent parameter and the expression of the mass dependent

ones in (3.8) for the uū channel are reported in Tab. A.3. The analytic fitting function

is given for mass values up 8000 GeV, because of limitations in the Monte Carlo event

generator PYTHIA code. An extrapolation up to larger values of the mass has been

performed. In this case the best fit is shown in Fig. 3.6. The parameters for the dd̄

channel are given in Tab. A.4. This channel provides the best fit (See Fig. 3.7) of

all those considered in the paper and is used as a reference for comparison with other

channels. The parameters for the ss̄, cc̄ and bb̄ are reported in Tabs. A.5, A.6 and A.7.

The best fit of these hadronic channels are shown in Figs. 3.8, 3.9 and 3.10.

The tt̄ needs a different fitting function:

dN (γ)

dE
= a1 exp

−b1 ( E

mDM

)n1

− c1(
E
M

)d1
− c2(

E
mDM

)d2

×


ln

[
p1

(
1−

(
E

mDM

)l1)]
ln p1


q1

E−1.5m0.5
DM . (3.10)

The value of the mass independent parameter and the expression of the mass dependent

ones (in the selected range of mass) are reported in Tab. A.8. The best fit for the tt̄

channel by using Eq. (3.10) is shown in Fig. 3.11.
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Figure 3.9: The same as Fig. 3.3 but for the cc̄ channel. This is the quark channel most
disfavored by the HESS data.
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Figure 3.10: The same as Fig. 3.3 for the bb̄ annihilation channel. Together with the cc̄
channel, is the only hadronic channel disfavored by the HESS data.)
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Figure 3.11: The same as Fig. 3.3 in the case of the tt̄ annihilation channel. The qualitative
features of this channel are more similar to the electroweak annihilations (see following figures)
than to the hadronic ones (as it is shown in the previous figures). The quality of the fit is also

good.

For the W and Z gauge bosons the parametrization is:

dN (γ)

dE
= a1 exp

−b1 ( E

mDM

)n1

− c1(
E

mDM

)d1


 ln

[
p1

(
j1 − E

mDM

)]
ln p1


q1

E−1.5m0.5
DM ,

(3.11)

where the value of the parameters used in this study are reported in Tab. A.9. The best

fits for the W+W− and ZZ channels are shown in Figs. 3.12 and 3.13.

The best fit is provided by the dd̄ channel with χ2/dof = 0.73 for a total of 24 degrees of

freedom (dof). In any case, other hadronic channels such as uū (see Fig. 3.6) or ss̄, also

provide very good fits within 1σ. In the same way, softer spectra as the one provided by

tt̄ (see Fig. 3.11), W+W− (Fig. 3.12) or ZZ (Fig. 3.13) channels are consistent with

data without statistical significance difference. On the contrary, leptonic channels (not

only e+e−, or µ+µ− but also τ+τ−, Figs. 3.3, 3.4 and 3.5), cc̄ and bb̄ channels (Fig. 3.9

and 3.10) are ruled out with more than 99% confidence level when compared to the best

channel. It is interesting to note that taking into account all the channels that provide
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Figure 3.12: The same as Fig. 3.3 for the W+W− annihilation channel.

a good fit, the DM mass is constrained to 15 TeV . mDM . 110 TeV within 2σ. The

lighter values are consistent with hadronic annihilations (uū) and the heavier ones with

the annihilation in tt̄, that is more similar to electroweak channels. All the parameters

fitted for the single annihilation channels are summarized in Tab. 3.1.

3.4 FERMI 1FGL J1745.6-2900 data

It has been argued that the FERMI-LAT source 1FGL J1745.6-2900 and the previously

considered HESS source J1745-290 are spatially coincident [78]. In [71] data from the

first 25 months of observations of the mentioned FERMI-LAT source have been analyzed.

It has been shown that the observed spectrum in the range 100 MeV- 300 GeV can be

very well described by a broken power law with a break energy of Ebr = 2.0+0.8
−1.0 GeV,

and slopes Γ1 = 2.20± 0.04 and Γ2 = 2.68± 0.05 for lower and higher energies than Ebr

respectively. Notice that the fitted value of Γ2 from FERMI-LAT data is in very good

agreement with the spectral index of the diffuse background obtained from HESS data

in our previous analyses. Indeed, at the 95% confidence level, the allowed range for the

spectral index of the diffuse background is 2.6 . Γ . 3.7. In this case, the lower values

are consistent with all the allowed channels, but the higher values are only accessible to
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Total fit
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Channel ZZ

mDM 54.5± 4.9

A(γ) 4.73± 0.40

B(γ) 5.38± 2.45
Γ 2.81± 0.16
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b 1988± 491

ZZ mDM A(γ) B(γ) Γ

mDM 1

A(γ) -0.704 1

B(γ) -0.042 0.660 1
Γ -0.088 0.703 0.997 1

Figure 3.13: The same as Fig. 3.3 in the case of the ZZ annihilation. The results for the
ZZ channel are very similar to the W+W− one. Both electroweak channels are consistent

with the data.

Channel mDM (TeV) A(γ) (10−7 cm−1s−1/2) B(γ) (10−4 GeV−1/2cm−1s−1/2) Γ χ2/ dof ∆χ2 b

e+e− 7.51± 0.11 8.12± 0.73 2.78± 0.79 2.55± 0.06 2.09 32.6 111± 20

µ+µ− 7.89± 0.21 21.2± 1.92 2.81± 0.53 2.55± 0.06 2.04 31.4 837± 158

τ+τ− 12.4± 1.3 7.78± 0.69 3.17± 0.62 2.59± 0.06 1.59 20.6 278± 76

uū 27.9± 1.8 6.51± 0.46 9.52± 9.47 3.08± 0.35 0.78 1.2 987± 189

dd̄ 42.0± 4.4 4.88± 0.48 8.26± 7.86 3.03± 0.34 0.73 0.0 1257± 361

ss̄ 53.9± 6.2 4.85± 0.57 6.59± 5.43 2.92± 0.29 0.90 4.1 2045± 672

cc̄ 31.4± 6.0 6.90± 1.06 53.0± 157 3.70± 1.07 1.78 25.0 1404± 689

bb̄ 82.0± 12.8 3.69± 0.61 6.27± 6.07 2.88± 0.35 1.32 14.2 2739± 1246

tt̄ 87.7± 8.2 3.68± 0.34 6.07± 3.34 2.86± 0.19 0.88 3.6 3116± 820

W+W− 48.8± 4.3 4.98± 0.40 5.18± 2.23 2.80± 0.15 0.84 2.6 1767± 419

ZZ 54.5± 4.9 4.73± 0.40 5.38± 2.45 2.81± 0.16 0.85 2.9 1988± 491

Table 3.1: In this table, the four parameters of the annihilating DM into a single
channel fit are presented: The fitted value of the mass (TeV) of the annihilating WIMPs,
normalization factor of the signal A(γ) (10−7 cm−1s−1/2), normalitazion factor of the

gamma ray diffuse emission background B(γ) (10−4 GeV−1/2cm−1s−1/2), and spectral
index Γ of the same background. The χ2 per degree of freedom (dof), and the value
of its variation ∆χ2 ≡ χ2 − χ2

dd̄
with respect to the best one (χ2

dd̄
) is also provided

(In the case of four parameters, values of ∆χ2 = 4.72 , 9.70 and 13.3 correspond to
68.3% , 95.4% and 99.0% confidence level, respectively). Finally, the astrophysical factor
is computed by assuming 〈σv〉 = 3 · 10−26 cm3s−1, and presented in units of the
the astrophysical factor associated with a NFW profile: b ≡ 〈J(2)〉/〈JNFW

(2) 〉, where

〈JNFW
(2) 〉 ' 280 · 1023 GeV2cm−5.

the light quark channels. In any case all the channels that provide a good fit to HESS

data are also consistent with the spectral index observed by FERMI-LAT.
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In Fig. 3.14, we show the case of the W+W− channel to illustrate this consistency.

Both the signal and background parameters are compatible with the W+W− channel

fit without the FERMI-LAT data. With the new data, the analysis even improves to

χ2/dof = 0.75. This interpretation implies that the FERMI-LAT telescope is able to

detect just the background component of the total energy spectrum of the gamma-ray

emission associated with DM.
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Figure 3.14: The same as in Fig. 3.12 but taking into account the FERMI-LAT data
between 2 GeV . E . 100 GeV [71], that extends the dof to 27. The background parameters
fitted by these data are A(γ) = (4.44±0.34) ·10−7cm−1s−1/2 and Γ = 2.63±0.02, in agreement
with the spectral index for this spectral region already found when the FERMI-LAT data are
fitted with a broken power law [71]. The quality of the fit is evident with a χ2/dof = 0.75. From
this interpretation of the data, FERMI-LAT instruments are sensitive just to the background

component of the signal.

With the fit of the parameter A(γ) (Eq. (3.7)) and by assuming a standard thermal cross

section of 〈σv〉 = 3 · 10−26 cm3s−1, we can get an estimation of the astrophysical factor

〈J〉. We find 1025 GeV2 cm−5 . 〈JNFW〉 . 1026 GeV2 cm−5. It implies that the boost

factors b ≡ 〈J〉/〈JNFW〉 spread on a range between two and three orders of magnitude.

It is interesting to note that the enhancement of the distribution of DM required to fit

the data is compatible with the expectation of N-body simulations when the effect of

the baryonic matter in the inner part of GC are taken into account [15].
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3.5 Conclusions

In this Chapter, we have analyzed the possibility of explaining the gamma-ray data

observed by HESS from the central part of our galaxy by being partially produced

by DM annihilation. The complexity of the region and the ambiguous localisation of

the numerous emitting sources inside this region, seems to validate the hypothesis of a

background component. We have proved that even DM annihilations into single channels

of the SM provide good fits if the DM signal is complemented with a diffuse background

compatible with Fermi LAT observations. The fits returns a DM mass between 15 TeV .

mDM . 110 TeV and a background spectral index between 2.6 . Γ . 3.7 within 2σ.

Some channels are clearly preferred with respect to others, such as the dd̄ for the quark

channels with χ2/dof = 0.73, or the W+W− and ZZ channels with χ2/dof = 0.84

and χ2/dof = 0.85. On the contrary, the leptonic channels are seriously disfavored.

However, for a particular DM candidate, several channels can actually contribute. In

this situation, the single channel analysis presented in this work can be helpful as a guide

but it is necessary to know that a combination of channels can work in a qualitatively

different way. In any case, it is important to take into account that in severals models,

only one channel dominates the annihilation and the single channel approximation works

with high accuracy.

The morphology of the signal is consistent with compressed dark halos by taking into

account baryonic contraction with boost factors of b ∼ 103 for typical thermal cross

sections. We would like to comment that the boost factors values presented in the tables

are computed under the assumption of standard thermal annihilating DM. In a general

approach, i.e. for decaying DM or for dark matter candidates, whose abundances are

not reached by thermal freeze-out decoupling, the boost factors do not apply. However,

thermal annihilating DM is a well motivated framework, and it is interesting to interpret

the amount of gamma rays observed by HESS in terms of such a hypothesis. We have

adopted this approach in order to present our results. In this sense, it is important to

note that the observed source of gamma rays is very localized. It implies that if they

are produced by annihilation or decay of DM, they have to be related to a very dense

substructure or to a compressed halo. The latter case has been obtained in different

simulations that take into account baryonic effects. Indeed it has been claimed [15, 73]

that when baryonic gas is taken into account, it falls to the central region, modifying the

gravitational potential. This fact increases the central DM density and produces typical

enhancements of b ∼ 103 in gamma ray fluxes [15].

On the other hand, the DM particle that may have originated these data needs to be

heavier than ∼ 10 TeV. These large DM masses required for fitting the HESS data

are not in contradiction with the unitarity limit for thermal relic annihilation. For
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example, this limit is around 110 TeV for scalar DM particles annihilating in s-wave

(for ΩDMh
2 = 0.11) [36, 79]. On the contrary, these heavy DM particles are practically

unconstrained by direct detection experiments or particle colliders [80]. An interesting

example of such type of DM candidates which could have high enough mass and account

for the right amount of DM in the form of a thermal relic, is the branon [37, 81]. We

will discuss this possibility in the next chapter.
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Chapter 4

Gamma-ray search of

Brane-World Dark Matter

In this Chapter, we will focus on the particular case of Brane Word Theory as a frame-

work for DM candidates, and the possibility to detect secondary products of annihilation

of two branons throughout the indirect search of gamma rays. Firstly, in Section 4.1 we

discuss the gamma-ray flux expected from decay or annihilation of branon DM. Then in

Section 4.2, we present the hypothesis that the gamma-ray flux observed by the HESS

telescope at GC, discussed in the previous Chapter 3, may be originated by branon DM

annihilation events. Finally, we will check the compatibility of such hypothesis with

available constraints given by Cherenkov and Satellite telescope observations of dSphs

Galaxies and GC in Section 4.3. This Chapter is based on [37] and [69].

4.1 Brane-World Dark Matter

In order to compute the final spectrum of cosmic rays coming from branon, we need

to know the total annihilation cross section and the corresponding branching ratios

into SM particles. For branons, these cross sections only depend on the spin and mass

of the particle, and the expressions for branons thermal average annihilations 〈σiv〉 in

different SM particles channels, i.e., in Dirac fermions, massive gauge field, massless

gauge field and complex scalar field were calculated in [82]. For instance, the s-wave for

non-relativistic branons annihilating into a Dirac fermion ψ with mass mψ, is given by:

〈σψv〉 =
1

16π2f8
m2

DMm
2
ψ

(
m2

DM −m2
ψ

) √
1−

m2
ψ

m2
DM

; (4.1)

51
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Figure 4.1: Branon annihilation branching ratios into SM particles. In the case of heavy
branons the main contribution to the photon flux comes from branon annihilation into W+W−

and ZZ. The contribution from heavy fermions, i.e. annihilation into top-antitop can be shown
to be subdominant. On the contrary, if mDM < mW,Z , the annihilation into W or Z bosons
is kinematically forbidden and it is necessary to take into account the rest of channels, mainly

annihilation into the heaviest possible quarks.

For a massive gauge field Z, of mass mZ , it reads:

〈σZv〉 =
1

64π2f8
m2

DM

(
4m4

DM − 4m2
DMmZ

2 + 3mZ
4
) √

1− mZ
2

m2
DM

; (4.2)

whereas for a massless gauge field γ, the s-wave is zero:

〈σγv〉 = 0; (4.3)

and, finally, for a (complex) scalar field Π with mass mΠ:

〈σΠv〉 =
1

32π2f8
m2

DM

(
2m2

DM +mΠ
2
)2√

1− mΠ
2

m2
DM

. (4.4)

It is worth noting that there would be a gamma ray line from direct annihilation into

photons since branons couple directly to them, producing a monochromatic signal at

the energy equal to the branon mass. However, this annihilation takes place in d-wave

channel and it is highly suppressed. The annihilation branching ratios into SM channels

are shown in Fig. 4.1.
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Figure 4.2: The same as in Fig. 4.1 for heavy branon with m > 50 GeV.

4.2 Branon DM hypothesis for HESS J1745.6-290 gamma-

ray source.

For a particular DM candidate, several channels can actually contribute to the final flux

of secondary cosmic rays. In this situation, the analysis of the gamma-ray fluxes showed

in Chapter 3 can be helpful as a guide but not determinant, since a combination of

channels can work in a different way.

In the case of heavy branons, the main contribution to the photon flux comes from

branon annihilation into ZZ and W+W− (Fig. 4.2). The contribution from heavy

fermions, i.e., annihilation into top-antitop can be shown to be subdominant [82]. In

this case, the produced high-energy gamma photons could be in the range detectable by

Atmospheric Cherenkov Telescopes (ACTs) such as MAGIC [83, 84], that is between 30

GeV-10 TeV.

On the contrary, if mDM < mW,Z , the annihilation into W or Z bosons is kinematically

forbidden and it is necessary to take into account the rest of channels, mainly annihilation

into the heaviest possible quarks [85] as can be seen in Fig. 4.1. In this case, the photon

fluxes would be in the range detectable by space-based gamma ray observatories [82]

such as EGRET [86] and FERMI [87, 88], with better sensitivities around 30 MeV-300

GeV.

For masses over 1 TeV, the main contribution to the photon spectra comes from branons

annihilating into gauge bosons ZZ, and W+W−. They produce approximately the same
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Branons mDM (TeV) C(γ) (10−2 GeV cm−1s−1/2) B(γ) (10−4 GeV−1/2cm−1s−1/2) Γ χ2/ dof ∆χ2 b

W+Z 50.6± 4.5 1.57± 0.13 5.27± 2.32 2.80± 0.15 0.84 2.6 4843± 1134

Table 4.1: Best fit parameters for branon annihilation. The dominant channels con-
tributing are W+W− and ZZ. In the second column C(γ) 2 ≡ ∆Ω 〈J(a)〉∆Ω/(8πm

2
DM).

b is computed with the model fitted cross-section to WMAP data [89]: 〈σv〉 =
(1.14± 0.19) · 10−26 cm3s−1. Rest of parameters are as in Table I.

amount of Z, W+ and W− since 〈σW+W−v〉 ' 2〈σZZv〉 ' m6
DM/(8π

2 f8), where f is

the brane tension scale (and we are assuming only one branon species [81]). As the rest

of channels can be neglected, and the W and Z channels produce very similar photon

fluxes, the results for the fit with the branon model lead to very similar results to those

obtained by considering both channels individually (see Table 3.1). In this case, as there

is a particle model behind, we can deduce the coupling that leads to the DM abundance

consistent with WMAP observations [89]: f = 27.5± 2.4 TeV, and we can compute the

thermal averaged cross-section: 〈σv〉 =
∑

i=W,Z〈σiv〉 = (1.14±0.19) ·10−26 cm3s−1, that

agrees with the expected order of magnitude.

4.3 Detectability of Branon DM via gamma rays.

If branon represent the right candidate for the heavy DM particle, able to justify the

gamma-ray flux observed by the HESS telescope from the J1745-290 source at the GC, a

gamma-ray flux generated by annihilation of branon particles is expected to be observed

by different types of telescopes from several astrophysical structures. Nevertheless, the

prospective observation of a gamma-ray signal depends on both the detector and DM

distribution in the galactic or extragalactic sources. Here we focus on both satellite and

ground-based detectors of gamma-ray photons observing some dSphs galaxies and the

GC.

4.3.1 Satellite experiments

Among others experiments, we will analyze EGRET and FERMI-LAT as an example of

satellite telescope.

EGRET

EGRET (Energetic Gamma-Ray Experiment Telescope) has detected gamma rays in

the interval 0.02 to 30 GeV. This telescope was carefully calibrated at SLAC with a

quasi mono-energetic beam in the energy range of 0.02 to 10 GeV. Although the energy
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range was extended up to higher energies (30 GeV) by using Monte Carlo simulations,

we have used only data below 10 GeV [86] due to the associated larger uncertainty at

high energy. The angular resolution was energy dependent, with a 67% confinement

angle of 5.5◦ at 100 MeV, falling to 0.5◦ at 5 GeV on axis. The energy resolution of

EGRET was 20-25% over most of its range of sensitivity. Absolute arrival times for

photons were recorded with approximately 50 µs accuracy. The overall normalization

error is usually quoted as 15 % [86].

FERMI

The Large Area Telescope (LAT) is the principal scientific instrument on the FERMI

Gamma Ray Space Telescope spacecraft, originally called the Gamma-Ray Large Area

Space Telescope (GLAST). The LAT is an imaging high-energy gamma ray telescope cov-

ering the energy range from about 20 MeV to more than 300 GeV [87]. The LAT’s field

of view covers about 20% of the sky at any time, and it scans continuously, covering the

whole sky every three hours. The LAT measures the tracks of the electron and positron

that result when an incident gamma ray undergoes pair-conversion, preferentially in a

thin, high-Z foil, and measures the energy of the subsequent electromagnetic shower

that develops in the telescope calorimeter. The development of the reconstruction relies

heavily on the Monte Carlo simulation of the events. The background model for this

device includes cosmic rays and Earth’s albedo gamma rays within the energy range 10

MeV to 1 GeV. Particles that might either make non astrophysical gamma rays and/or

need to be rejected as background are included. The model does not include X-rays nor

soft gamma rays that might cause individual detectors within the LAT to be activated

[87, 88]. Several investigations [90] have looked for potential DM subhalos targets for

ACTs and FERMI at energies higher than 100 GeV claiming that multi-wavelength

observations could play an essential role in DM indirect searches.

4.3.2 Ground-based experiments

The measurement of very high-energy gamma rays using very large ground-based Cherenkov

telescopes is an important addition to the variety of experiments at the interface between

particle physics, astrophysics and cosmology.

MAGIC

The MAGIC experiment for ground-based gamma ray astronomy is the largest of the

third generation Cherenkov telescope experiments, located at the La Palma (Canary
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Islands) observatory, 2200 m above sea level. Presently, it consists of a system of two

telescopes operating in a stereoscopic mode. The stereoscopic system allows for im-

proved background rejection specially at low energies (and therefore high sensitivity),

improved energy and angular resolution, and a low energy threshold. However, in our

study, we are interested in current constraints from analyses already performed with

observed data. This data were collected with the initial setup (MAGIC-I) consisting of

a single telescope (focal length of 17 m). The threshold for gamma detection is around

60-70 GeV with classical photomultiplier tubes (PMTs); future high-quantum efficiency

red-extended PMTs are expected to achieve a lower threshold. MAGIC has the best

light collection that has been attempted so far: the largest mirror with an active surface

of 234 m2, combined with the best available photomultiplier tubes that can be obtained,

of a quantum efficiency around 30%. As a result, MAGIC is more sensitive to elec-

tromagnetic showers of lower energy, and does much to close the gap existing between

satellite gamma ray detectors (that can go up to 10 GeV energy) and Cherenkov tele-

scopes (that presently start at energies higher than 100 GeV). MAGIC-I has a threshold

trigger energy of ∼ 50 GeV, and an analysis threshold of ∼ 70 GeV at small zenith angle,

which also permits to observe sources with higher redshift than in the past [83, 84].

CTA

We are also interested in estimating the prospects for future experiments as the Cherenkov

Telescope Array (CTA) project, that is an initiative to build the next generation of

ground-based very high energy gamma-ray instruments. Current systems of Cherenkov

telescopes use at most four telescopes, providing best stereo-imaging of particle cascades

over a very limited area, with most cascades viewed by only two or three telescopes. An

array of many tens of telescopes will allow the detection of gamma-ray induced cas-

cades over a large area on the ground, increasing the number of detected gamma rays

dramatically, while at the same time providing a much larger number of views of each

cascade. This results in both improved angular resolution and better suppression of

cosmic-ray background events. The CTA will explore our Universe in depth at gamma

rays of Very High Energy (VHE), i.e., E > 10 GeV and investigate cosmic non-thermal

processes, in close cooperation with observatories operating at other wavelength ranges

of the electromagnetic spectrum, and those using other messengers such as cosmic rays

and neutrinos. The design foresees a factor of 5− 10 improvement in sensitivity in the

current VHE gamma ray domain of about 100 GeV to some 10 TeV, and an extension

of the accessible energy range from well below 100 GeV to above 100 TeV [91].
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Draco dSph

Experiment EGRET FERMI MAGIC-I∗ CTA

Aeff
103(*)

104 5× 108 1010

1.5× 103

∆Ω 10−3 9× 10−5(*)
10−5 10−5

10−5

texp 1 yr 40 h 50 h

ΦBg
3.3× 10−7(*)

1.9× 10−7(**) ∼ 10−7(**)
6.7× 10−7

Φ
(5)
γ

1.04× 10−6(*) 1.14× 10−6(*)
1.00× 10−7 1.25× 10−8

9.15× 10−7 8.55× 10−6

Φ
(2)
γ

2.78× 10−7(*) 2.97× 10−7(*)
3.54× 10−8 4.83× 10−9

2.84× 10−7 1.75× 10−6

〈J〉∆Ω 0.1 7.2

N
(γ)
(5) 〈σv〉/m

2
DM

1.31× 105(*) 1.98× 103(*)
1.75× 102 21.8

1.15× 105 1.49× 104

N
(γ)
(2) 〈σv〉/m

2
DM

3.49× 104(*) 5.19× 102(*)
61.8 8.42

3.57× 104 3.06× 103

Table 4.2: Φ
(5)
γ or Φ

(2)
γ (cm−2s−1sr−1), where superscripts (5) and (2) denote the

estimated minimum detectable flux at 5σ or 2σ, for different detectors: EGRET,
FERMI, MAGIC-I and CTA associated with Draco. The first three are current con-
straints, whereas the last one is a prospect for its sensitivity. Aeff (cm2) denotes
the typical effective area, ∆Ω (sr) the angular acceptance, texp (s) the exposure
time and ΦBg (cm−2s−1sr−1) the estimated total background flux. In order to ob-

tain N
(γ)
(2) 〈σv〉/m

2
DM (cm3s−1), we have used Eq. (3.5) with the astrophysical factor

〈J〉∆Ω(1023GeV2cm−5sr−1) given in [93] assuming a NFW profile for the DM distri-
bution. Most part of the data are taken from [93], except for the values marked with
a single asterisk (∗) which are obtained from Ref. [94]. The ΦBg signed with double
asterisk (∗∗) is calculated by means of the Eq.(4.7) with ε = 0.01 for both MAGIC-I

and CTA projects [93, 94].

4.3.3 Analysis and results

Among other possibilities, the GC and dSphs are the best targets for DM indirect search.

The astrophysical part κγ,ν ≡ 〈J(a)〉∆Ω
of the gamma-ray flux (2.3) (ηγ = 1, a = 1

and ζi = 〈σiv〉) of each target depends upon the DM density. This factor is not very

well known and introduces the most important uncertainties in these indirect detection

analyses. A classic approach uses a NFW profile. This profile is in good agreement with

cold DM simulations and it allows an easy comparison with previous studies since it

has been used by many authors. For this reason, we have assumed this profile (see Eq.

(1.13)) for the Draco, Sagittarius and Canis Major dSphs and for the GC [77].

On the other hand, we have assumed for SEGUE 1 an Einasto profile (Eq. (1.13)) with

scale density ρs = 1.1 × 108M�Kpc−3, scale radius rs = 0.15 Kpc and index ns = 3.3,

since it is more consistent with observations [83]: Very recent observations [92] of SEGUE
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Sagittarius dSph

Experiment EGRET FERMI CTA

Aeff 1.5× 103 104 1010

∆Ω 10−3 ∼ 10−5 10−5

texp 1 yr 100 h

ΦBg 3.18× 10−6 2.7× 10−4(**)

Φ
(5)
γ 1.59× 10−6 1.04× 10−5 1.25× 10−6

Φ
(2)
γ 5.62× 10−7 2.74× 10−6 4.83× 10−9

〈J〉∆Ω 1.3 36.9

N
(γ)
(5) 〈σv〉/m

2
DM 1.53× 104 3.53× 103 4.25

N
(γ)
(2) 〈σv〉/m

2
DM 5.44× 103 9.33× 102 1.64

Table 4.3: The same as Table 4.2 for the observation of Sagittarius. The first two
columns related to EGRET and FERMI are current constraints whereas the last one

corresponding to CTA is an estimation of its possible sensitivity.

Canis Major dSph

Experiment EGRET FERMI CTA

Aeff 1.5× 103 104 1010

∆Ω 10−3 ∼ 10−5 10−5

texp 1 yr 100 h

ΦBg 3.87× 10−6 2.7× 10−4(**)

Φ
(5)
γ 1.71× 10−6 1.08× 10−5 1.25× 10−8

Φ
(2)
γ 6.15× 10−7 2.94× 10−6 4.82× 10−9

〈J〉∆Ω 8.3 139.9

N
(γ)
(5) 〈σv〉/m

2
DM 2.60× 103 9.68× 102 1.12

N
(γ)
(2) 〈σv〉/m

2
DM 9.32× 102 2.64× 102 0.43

Table 4.4: The same as Table 4.3 for the observation of Canis Major.

1 (considered by many authors as possibly the most DM dominated satellite galaxy

known in our galaxy) by MAGIC found no significant gamma-ray emission above the

background when taking into account the spectral features of the gamma-ray spectrum

of specific DM models in a supersymmetric scenario.

In any case, both the modification of the density profile and the introduction of substruc-

tures just include an additional constant in the analysis that is easy to update. With

our assumptions, the values of the astrophysical factor for each source are reported in

Tables 4.2-4.6.
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4.3.4 Minimun detectable flux

We can estimate the minimum detectable flux Φγ taking into account the total number

of observed gamma rays. Due to the uncertainties of these kind of analysis, it is usual

to demand a significance of at least 5σ. For an observed target presenting: exposure

time of texp seconds, instrument of effective area Aeff and angular acceptance ∆Ω, the

significance of the detection exceeding 5σ (or alternatively 2σ) is:

Φγ

√
∆ΩAeff texp√
Φγ + ΦBg

≥ 5 (2). (4.5)

The DM annihilation flux Φγ and the background flux ΦBg are given in cm−1s−1sr−1 [93].

The evaluation of the background ΦBg and its value depends both on the experiment

and on the source. In the case of satellite experiments, the diffuse gamma-ray flux

from astrophysical sources is the only contribution to the background depending on the

location of the source [93]. The background for FERMI is assumed to be the same as

for EGRET [93–95]:

dNBg−a
dE

≈ N GeV−1cm−2s−1sr−1 ×
(

100 GeV

EBg

)2.1

, (4.6)

and the exposition time texp = 1 yr, common for the satellite experiments. We have

chosen the spectral index 2.1 since it is the most conservative value (see [93] or [95] for

the particular values of N for the particular targets). In reality, the effective area of

any detector depends on the particular energy at which it operates. Eq. (4.5) assumes

a constant value and it is the main approximation of this equation. We will assume

a typical effective area for EGRET of 1.5 × 103 cm2, whereas we will use Aeff = 104

cm2 for FERMI. On the contrary, the angular acceptance is much larger for EGRET:

∆Ω = 10−3 sr, than for FERMI: ∆Ω = 10−5 sr [86–88, 94].

In the case of ground-based experiments, besides the above diffuse gamma-ray flux,

there are two other sources of background: the hadronic and the cosmic-ray electrons.

In any case, the hadronic source dominates at high energies for which the ground-based

experiments are sensitive. Taking into account the data observed by the Whipple 10 m

telescope, it is possible to find a estimation for this background rate [94, 96]:

dΦBg−h
dE

≈ ε× 10−5 GeV−1cm−2s−1sr−1 ×
(

100 GeV

EBg

)2.7

, (4.7)

where we have integrated above the 100 GeV threshold of MAGIC, estimating its ef-

fective area as Aeff = 5 × 108 cm2 and its angular acceptance by ∆Ω = 10−5sr. The
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Galactic Center

Experiment EGRET FERMI CTA

Aeff 1.5× 103 104 1010

∆Ω 10−3 ∼ 10−5 10−5

texp 1 yr 100 h

ΦBg 1.2× 10−4 2.7× 10−4(**)

Φ
(5)
γ 8.23× 10−6 3.51× 10−5 1.25× 10−8

Φ
(2)
γ 3.23× 10−6 1.30× 10−5 4.82× 10−9

〈J〉∆Ω 26 280

N
(γ)
(5) 〈σv〉/m

2
DM 3.98× 103 1.57× 103 0.56

N
(γ)
(2) 〈σv〉/m

2
DM 1.56× 103 5.83× 102 0.21

Table 4.5: The same as Table 4.3 for the observation in the direction of the Galactic
Center.

SEGUE 1

Experiment MAGIC-I CTA

Aeff ∼ 108 1010

∆Ω 10−5 10−5

texp 29.4 h 50 h

ΦBg 1.9× 10−7(**) 10−7

Φ
(5)
γ 3.61× 10−7 1.25× 10−8

Φ
(2)
γ 1.06× 10−7 4.83× 10−9

〈J〉∆Ω 11.4

N
(γ)
(5) 〈σv〉/m

2
DM 3.97× 102 13.8

N
(γ)
(2) 〈σv〉/m

2
DM 1.16× 102 5.32

Table 4.6: The same as Table 4.2 for the observation of SEGUE 1. The first column
corresponds to MAGIC-I and establishes the present constraint from this target whereas
the second one estimates the CTA prospects. SEGUE 1 is the only target for which we

have assumed an Einaisto profile for the DM distribution [83].

parameter ε which corresponds to the fraction of hadronic shower which is misidentified

as electromagnetic is set to the order of 1% for MAGIC [83, 84, 94].

We are also interested in estimating the sensitivity of the next generation of ground-

based VHE gamma-ray CTA instruments. Although there are still many details of the

CTA project to be fixed, an important improvement in the effective area is expected

thanks to the large number of telescopes in the array. We will assume a typical effective

area of Aeff ∼ 1 km2, whereas the improvement in angular acceptance and background

discrimination will be typically of order one [91]. In Tables 4.2-4.6 we report the technical

details of each experiment, the background estimations and the resulting values of the
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Figure 4.3: Sensitivity of different targets to constrain gamma rays coming from branon
annihilation. Here, M ≡ mDM. The straight lines show the estimated exclusion limits at 5σ
for satellite experiments (FERMI and EGRET). The blue thick line corresponds to the photon
flux above 1 GeV coming from branons with the thermal abundance inside the WMAP7 [89]
limits (ΩCDMh

2 = 0.1123±0.0035). The area on the upper left corner above the corresponding
lines is excluded by LEP and TEVATRON experiments for both N = 1 and N = 7, number

of extra dimensions.

minimum detectable gamma-ray fluxes for the Draco, Sagittarius, Canis Major dSphs,

for the GC and for SEGUE 1 respectively.

By using the estimated minimum detectable flux at 2σ or 5σ significance and the par-

ticular astrophysical factor (J〈∆Ω〉) of each target, the sensitivity on N
(γ)
(2,5)〈σv〉 has been

obtained as a function of the WIMP mass depending on the particular detector. The as-

sumption of a constant effective area gives the typical power law behavior on the WIMP

mass of this sensitivity (N
(γ)
(2,5)〈σv〉 ∝ m2

DM). The corresponding curves for the different

targets and detectors are shown in Figs. 4.3 and 4.4. On the other hand, the theo-

retical value for N (γ)〈σv〉 for branons has been obtained by integrating the differential

spectrum
∑

i〈σiv〉
dN

(γ)
i

dEγ
taking into account the energy threshold of 1 GeV for satellite

experiments (Fig. 4.3) or 50 GeV for ACTs (Fig. 4.4). The resulting N (γ)〈σv〉 is a

function of the two branon parameters (f,mDM) and it does not depend on N (number

of branon species) (Section 1.5.2). This can be easily understood due to the fact that

the proportionally lower flux coming from the annihilation of a larger number of branon

species, is compensated by the higher abundance that a larger number of species pro-

vides (for a fixed coupling, i.e. for a fixed value of f). Assuming that the branon relic

density agrees with WMAP observations [89], it is possible to obtain f(mDM), which
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Figure 4.4: Same as Fig. 4.3 for ground-based detectors. In this figure, the continuous
thick red line corresponds to the photon flux above 50 GeV coming from branons with the

thermal abundance inside the WMAP7 [89] limits.

finally allows us to plot N (γ)〈σv〉 as a function of the branon mass. Thus, if the inte-

grated spectrum line is over the straight lines (which represent the sensitivity at 5σ for

a particular target), a detector will be sensitive to branon annihilation coming from a

particular target. We see that present experiments (EGRET, FERMI or MAGIC) are

unable to detect signals from branon annihilation for the targets considered. However,

as shown in Fig. 4.4, future experiments such as CTA could be able to detect gamma-ray

photons coming from the annihilation of branons with masses higher than 150 GeV for

observations of the GC or above 200 GeV for Canis Major.

It is important to note again that the above computations and figures are based on

particular assumptions about the DM profiles and neglecting substructure contributions.

Uncertainties of order one are expected for dSph satellites, but existence of boost factors

of up to three orders of magnitude has been claimed for GC analyses [15]. This case

has been discussed in the previous Chapter. On the other hand, these signals could be

reduced for core DM profiles, that are in agreement for kinematic surveys not only of

the Milky Way, but also of its dSphs [97].

4.4 Conclusions

Branons are new degrees of freedom corresponding to brane fluctuations in brane-world

models. They are natural candidates for DM because they are massive fields weakly
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interacting with the SM particles, since their interaction is suppressed with the fourth

power of the brane tension scale f . For masses over 100 GeV, the main contribution to

the photon spectra comes from branons annihilating into gauge bosons ZZ, and W+W−.

In [36] it was shown that a branon DM with mass mDM ' 50.6 TeV, provides an excellent

fit to HESS data. The corresponding background being compatible with Fermi-LAT

data. The compatibility of its thermal abundance with the WMAP constraints [89],

demands a cross section of 〈σv〉 = (1.14 ± 0.19) · 10−26 cm3s−1, what is equivalent to

a brane tension of f ' 27.5 TeV. In order to confirm this result, we have studied the

sensitivity of different gamma-ray telescopes for the observation of indirect signals of

branon DM in brane-world scenarios. Under the assumption that branons are mass

degenerate, this sensitivity only depends on two parameters of the effective theory that

describes the low energy dynamics of flexible brane-worlds: the brane tension scale

f and the branon mass mDM. We have computed the production of photons coming

from branon annihilation happening in either some dSphs or the GC, and estimated

the sensitivity for these cosmic photons to be detected in different experiments. In

particular, we have studied the prospective detectable flux from Draco, Sagittarius,

Canis Major, SEGUE 1 and for the GC for EGRET, FERMI and the future CTA. In

the case of Draco and SEGUE 1, an estimation for the MAGIC telescope is given as well.

The estimated constraints show that the interesting parameter space of the theory, where

the thermal branon relics account for the total non-baryonic DM content of the Universe,

has not been restricted by present observations yet. Concerning the next generation of

ACTs, they seem to be able to prove this thermal area of the parameter space thanks to,

fundamentally, the use of a large number of telescopes which can increase significantly the

effective area of detection (Fig. 4.4). With a better sensitivity, this kind of instruments

could explore the highest part of the spectrum for branons heavier than 200 GeV by

means of the observation of both dSphs (Canis Major in particular) and the GC. On

the other hand, the estimates for the next generation of ACTs show that these types of

signals could provide the first evidences of these models. We would like to point out that

in this discussion, we have assumed a value astrophysical factor associated with DM only

simulations. This is in contrast with the approach followed in the previous Chapter. In

the same figures (4.3 and 4.4), it is possible to see the present constraints from collider

experiments. These searches are complementary and probe, in general, a different area

of the parameter space of the model. Indeed, these collider analyses in addition to direct

detection experiments and other cosmic ray studies would be necessary to distinguish

branon DM from other WIMP candidates since they are impossible to be distinguished

from a potential positive result from gamma-ray observations. The analysis of other

cosmic rays [98] from the GC and from other astrophysical objects is fundamental to

cross check the hypotheses considered in this work. Updated analyses of this kind of
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signals for heavy DM combined with simple background components is presented in the

next Chapters.



Chapter 5

Neutrino Flux from the Galactic

Center

As discussed in the previous Chapters 3 and 4, the observed data collected by the

HESS collaboration from the J1745-290 source during the years 2004, 2005, and 2006

[58, 59] are well fitted as DM signal complemented by a diffuse background [69]. The

analysis shows good agreement with DM annihilation or decay into uū, dd̄, ss̄ and tt̄

quark-antiquark channels and W+W− and ZZ boson channels. Leptonic and other

quark-antiquark channels were excluded with 95.4% confidence level. The background

provided by the analysis is also compatible with the Fermi-LAT data from the IFGL

J1745.6-2900 source observed during 25 months [71], which is spatially consistent with

the HESS J1745-290 source [78]. In any case, the fundamental nature of this gamma-ray

flux is still unclear. The DM particle that originate this spectrum needs to have a mass

between 15 TeV . mDM . 110 TeV [69]. This makes highly challenging to observe these

particles in direct detection experiments or particle accelerators [80]. On the contrary,

complementary cosmic-rays analysis [98] from the GC and from other astrophysical ob-

jects are the most promising way to cross check the commented DM hypotheses. In

particular, the analysis of neutrino fluxes from the same region can be determining.

If DM annihilates or decays into SM particles producing VHE gamma-ray photons, it

has to produce also VHE neutrinos. Indeed, if the dark halo properties are adjusted

to explain the HESS J1745-290 data, the neutrino flux is completely determined if one

concrete annihilation or decay channel is assumed.

This Chapter is organized as follows: In Section 5.1, we study the expected neutrino

fluxes as indirect products of annihilating DM in the direction of the GC. Section 5.2 is

devoted to discuss the flavor oscillation effects in this signal. In Section 5.3, we model

65
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Figure 5.1: The gramma-ray (γ) and neutrino (νp) fluxes from DM annihilating into
W+W− bosons, as generated by PYTHIA 8.135 and reported by [50].

the background of our analysis by taking into account the atmospheric neutrino flux ob-

served by the IceCube experiment and we study the best configuration that may allow

the detection of the corresponding neutrino signal associated with the HESS J1745-290

GC gamma-ray source. Finally, we summarize our main conclusions in Section 5.4. This

Chapter is based on [99].

5.1 Neutrino flux from Dark Matter

The differential flux of neutrinos of a given flavor νf observed on the Earth in a particular

direction can be computed as

dΦνf

dE
=

3∑
p=1

2∑
a=1

channels∑
i

Pfp ·
ζ

(a)
i

a

dN
(νp)
i

dE
·

∆Ω 〈J(a)〉∆Ω

4πma
DM

(5.1)

where ην = Pfp are the elements of the symmetric 3×3 matrix which takes into account

the neutrino oscillation effects from the produced neutrino flavor (νp) generated by the

DM from galactic sources to the observed neutrino flavor (νf ) on the Earth. We shall

discuss these effects in detail in the next section. mDM is the mass of the DM particle.

The case a = 2 accounts for neutrinos coming from DM annihilation with ζ
(2)
i ≡ 〈σiv〉

the thermal averaged annihilation cross-section of two DM particles (assumed to be their

own antiparticles) into SM particles (also labeled by the subindex i). If DM is meta-

stable, neutrinos can be produced also by its decay. As commented in Section 2.3, in
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Figure 5.2: Neutrino differential fluxes (Φνe + Φντ and Φνµ) as expected to be observed
on the Earth, taking into account both neutrinos oscillations and neutrino-antineutrino total
flux. We are assuming DM annihilating into the W+W− channel. The parameters in Eq.(5.1)
are: 〈σv〉 = 3 × 10−26cm3s−1, mDM = 48.8 TeV, < J(2) >∆Ω' 4.95 × 1028GeV2cm−5, and

∆Ω = 10−5.

such a case the contribution with a = 1 is activated with ζ
(1)
i ≡ 〈1/τdecay

i 〉 the decay

width into SM particles (labeled by the same subindex i).

The number of neutrinos of flavor νp produced in each annihilating or decaying channel

dN
(νp)
i /dE, involves decays and/or hadronization of unstable products such as quarks

and leptons. Because of the non-perturbative QCD effects, this requires Monte Carlo

events generators [76] or fitting or interpolation functions [38]. In particular, we will use

the results reported in [50]. They refer to PYTHIA 8.135 Monte Carlo events generator

code [76] and reproduce the differential number of neutrinos produced by DM of different

masses. In this Chapter, we will focus on neutrino fluxes coming from fragmentation

and decays of SM particle-antiparticle pairs produced by DM annihilation. As in the

analysis of the gamma-ray flux, we shall ignore DM decays, the possible production of

mono energetic neutrinos, n-body annihilations (with n > 2), or neutrinos produced

from electroweak bremsstrahlung. In particular, we will consider DM annihilation into

single channels of SM particle-antiparticle pairs that are consistent with the origin of

the HESS J1745-290 gamma-ray observations as we have explained.

The DM spatial distribution is encoded in the astrophysical factors κν = 〈J(a)〉, that

depend on the Ψ angle, determined by the line of observation with respect to the direction

of the GC, and the total angular field of view ∆Ω as in Eq. (2.4). The neutrino fluxes

have to be averaged over the field of view of the detector, that we shall parameterize

with the angle θ: ∆Ω = 2π(1 − cos θ). The HESS Cherenkov telescopes array can be

characterized typically by ∆ΩHESS ' 10−5 or θHESS ' 0.1◦. This angular resolution
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Figure 5.3: Expected neutrino fluxes corresponding to muon neutrinos and electron plus tau
neutrinos from DM annihilating into W+W− bosons for an angular field of view of θ = 60◦, 1◦

and 0.1◦. The flux accounts for a 50% Resolution Uncertainty (R.U.) associated with a typical
high energy neutrino telescope. The observed atmospheric muon by the IceCube telescope
in the 40-string configuration (IC-40) and electron neutrinos by the 79-string configuration
(IC-79) are also shown together with the fitting functions given by Equations (5.9) and (5.8)

respectively and the corresponding shared regions at 1σ confidence level.

angle is not precise enough to resolve the J1745-290 gamma-ray morphology, which can

be approximated by a point-like source. Therefore, the integration along the line of sight

can be approximated by a constant value for θ & 0.1◦ and the astrophysical factor given

by Eq. (2.4) is fixed by fitting the HESS data:

〈J(a)〉 = 〈J(a)〉HESS
∆ΩHESS

∆Ω
, (5.2)

where 〈J(a)〉HESS is the astrophysical factor which reproduces the J1745-290 gamma-ray

flux, and it depends on the particular annihilating or decaying DM channel [69]. There-

fore, for a neutrino telescope with ∆Ω & 10−5 the total astrophysical factor (〈J(a)〉∆Ω)

is constant, whereas the average (〈J(a)〉) decreases with ∆Ω inversely. In particular, we

will focus on the W+W− and uū annihilation channels with the standard thermal value

〈σv〉 = 3× 10−26cm3s−1. By taking into account the results of [69]:

〈JW+W−

(2) 〉 =
(7.9± 1.9)× 10−22

1− cos θ
GeV2cm−5 , (5.3)

and

〈Juū(2)〉 =
(4.4± 0.8)× 10−22

1− cos θ
GeV2cm−5 . (5.4)
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Figure 5.4: Combination of the angular field of view θ, minimum energy threshold and
exposition time that allow to detect a muon neutrino flux signal coming from DM annihilating
in the GC at 2σ, 3σ or 5σ confidence level, with a detector with 50 m2 effective area. The
annihilating mode is the W+W− channel, the mass of the DM particles is 48.8 TeV, the
annihilation cross section is 〈σv〉 = 3 × 10−26cm3s−1 and the astrophysical factor is given by
Eq. (5.3). The lowest value of θ ' 0.01◦ corresponds to a 5σ confidence level with energy
threshold of Eνmin ' 150 GeV and six months of exposition time. The higher the exposition
time, the higher the angular resolution of the analysis needed to reduce the atmospheric
background. The largest value of θ ' 0.68◦ is associated with 5 years of exposition time, a

statistical significance of 2σ, and an energy threshold of Eνmin ' 17.42 TeV.

5.2 Neutrino flavors and mixing

After simulating the neutrino fluxes produced at the source, one has to take into account

different aspects in order to estimate the expected flux as observed on the Earth, such

as neutrino oscillations and detector sensitivity to neutrino flavors. On the other hand,

we shall assume that our detector is not able to discriminate between neutrinos and

antineutrinos. Due to neutrino oscillations, the ratio of neutrino flavor changes during

the way from the source to the observer [100]. By considering the standard three-flavor

neutrino oscillation, the probability matrix P for astrophysical neutrinos traversing a

vast distance is given by:

P (i→ j) =
3∑

a=1

|Uia|2|Uja|2, (5.5)

where Uia are the elements of the neutrino mixing matrix [101]. For example, for the

simplified case of the oscillation between only two flavors at a distance x by the source,

the probability can be written as:

P (i→ j) = sin2(2α
(ν)
ij )× sin2

(
π
x

Lν

)
. (5.6)

It depends on the mixing angle α(ν), and the oscillation length Lν = 4πE/∆m2, where
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Figure 5.5: The Figure shows the 1σ (dark), 2σ, 3σ, 5σ (white) confidence levels contours
in the case of DM annihilating into the W+W− channel. The factor Af = Aeff × texp is
fixed in both analyses: Af = 100 m2 yr (Left–panel) and Af = 600 m2 yr (Right–panel). The
possibility to detect the neutrino flux signal above the atmospheric background depends on

the energy cut Eνmin and the resolution angle.

E is the energy and ∆m2 ≡| m2
1 −m2

2 | is the squared mass difference between the two

mass eigenstates. By taking into account that ∆m2
21 = (7.50 ± 0.20) × 10−5eV2, and

∆m2
32 = 2.32+0.12

−0.08×10−3eV2 [102], we can assume that the oscillation length Lν is small

compared to the linear dimension of the source, so that the source is flavor coherent and

the oscillations will be averaged out both over dimension and energy. In any case, due

to the large distance of the GC compared with the dimensions of the detector, this fact

does not affect the computation [100]. For a point-like source localized in the GC, we

can assume that the totally averaged oscillations among the three flavors is given by a

symmetric matrix of the form:


Φνe

Φνµ

Φντ

 =


Pee Peµ Peτ

Peµ Pµµ Pµτ

Peτ Pµτ Pττ




Φ0
νe

Φ0
νµ

Φ0
ντ

 . (5.7)

The elements Pαβ depend on the three mixing angles α
(ν)
ij and the CP phase δ (read, for

example, [101]). There are important uncertainties associated to these values, but a good

and simple approximation is given by assuming sin2(2α
(ν)
13 ) = 0 and sin2(2α

(ν)
23 ) = 1 (the

present experimental observations constrain these angles as sin2(2α
(ν)
13 ) = 0.095± 0.010

and sin2(2α
(ν)
23 ) > 0.95 [102]). In such a case, Pαβ depends only on the α

(ν)
12 angle in the

following way: Pee ' 1 − sin2(2α
(ν)
12 )/2, Peµ ' Peτ ' 1 − sin2(2α

(ν)
12 )/4, Pµµ ' Pµτ '

Pττ ' 1− sin2(2α
(ν)
12 )/8.
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XXXXXXXXXXXθ◦
Eνmin(GeV) texp

2 yr 3 yr 5 yr

5σ
PPPPPPPPP0.18

818
PPPPPPPPP0.15

630
PPPPPPPPP0.23

973

3σ
PPPPPPPPP0.24

977
PPPPPPPPP0.32

1102
PPPPPPPPP0.45

1737

2σ
PPPPPPPPP0.42

1321
PPPPPPPPP0.54

1482
PPPPPPPPP0.72

1811

Table 5.1: Energy threshold cut (GeV) and resolution angle in order to achieve a
confidence level of 5σ, 3σ or 2σ from the muon neutrino flux for three different exposition

times for DM annihilating into the W+W− channel with an effective area of 50 m2.

XXXXXXXXXXXθ◦
Eνmin(GeV) texp

2 yr 3 yr 5 yr

5σ
PPPPPPPPP0.002

21
PPPPPPPPP0.003

156

3σ
PPPPPPPPP0.02

110
PPPPPPPPP0.03

176
PPPPPPPPP0.07

334

2σ
PPPPPPPPP0.06

296
PPPPPPPPP0.15

638
PPPPPPPPP0.15

624

Table 5.2: Same data reported in Tab. 5.1 but for an effective area of 5 m2.

It means that the astrophysical flux of νµ and ντ are approximately the same indepen-

dently of the flavor composition of neutrinos produced at the source. In addition, as

the value of α
(ν)
12 is important (sin2(2α

(ν)
12 ) = 0.857± 0.024 [102]), the oscillation effects

need to be taking into account. In any case, as it can be seen in Figures 5.1 and 5.2 for

the W+W− annihilation channel, we have checked that the neutrino flavor ratio of the

fluxes observed at the Earth are very homogeneous: Φνe : Φνµ : Φντ ' 1 : 1 : 1. The

reason is that the most part of the neutrinos come from the charged pion decay chain:

π+ → µ+ + νµ → e+ + νµ + νe + ν̄µ (or π− → µ− + ν̄µ → e− + ν̄µ + ν̄e + νµ), that gives

an original ratio: Φ0
νe : Φ0

νµ : Φ0
ντ ' 1 : 2 : 0. This production is dominant except for

the mentioned W+W− channel at very high energies, where the neutrinos are produced

directly by the leptonic decay of the gauge bosons: W+ → l+ + νl (or W− → l− + ν̄l),

but it implies that even the original neutrino flux produced by the source is already

homogeneous: Φ0
νe : Φ0

νµ : Φ0
ντ ' 1 : 1 : 1. In both cases, it is easy to understand from

the oscillation Matrix (5.7) that the three flavors arrive at the Earth with very similar

fluxes.

The differential number of neutrinos for the different flavors νp, with p = e, µ and τ , as

generated by the Monte Carlo event generator code, are shown in Fig. 5.1. The photon

differential number is also shown for reference. As we have commented, the three flavors
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are produced with the same ratio at high energies, whereas the number of ντ is negligible

at low ones. In Fig. 5.2, we show the expected neutrino fluxes given by Eq. (5.1), as

observed at the Earth, when oscillations and detection limits are taken into account.

The parameters are given by the DM model independent fit of the HESS data in gamma

rays characterized by Eq. (5.3) and mDM ' 48.8 TeV [69]. At this stage, the energy

resolution of the neutrinos detector has not been yet considered.

As we have commented, we are assuming that the neutrino detector will not be able

to distinguish between neutrinos and antineutrinos [103]. So the neutrino flux Φνα is

understood to be the sum of να and ν̄α. In addition, we shall assume that the detector

will be able to distinguish muon neutrinos from electron and tau neutrinos. The later

flavors give a typical showering signal, whereas the νµ provide a distinctive track signal.

More precisely, neutrino flavors can be deduced from two different event topologies:

muon tracks, related to the Cherenkov light of a propagating muon, and hadronic or

electromagnetic showers. Showers are produced by neutral current (NC) interactions of

any neutrino flavor, and by both νe and ντ charge current (CC) interactions. On the

contrary, tracks are induced by muons from νµ CC interactions and ντ CC interactions

in which the tau decay produces a muon.

5.3 Analysis

The most important source of background for highly energetic astrophysical neutrinos is

given by atmospheric neutrinos and muons, depending on the direction of observation.

The νµ and νe atmospheric neutrinos have been reported by IceCube [103, 104]. The

electronic neutrino background has few data with important uncertainties. In this case,

the νe atmospheric flux (ΦAtm
ν ≡ Φν−Bg) can be well fitted by a simple power-law:

E2 ×
dΦνe−Bg
dE

= A0
νe

(
E

GeV

)−B0
νe

, (5.8)

with A0
νe = 0.012 ± 0.011 GeV cm−2s−1sr−1 and B0

νe = 1.17. IceCube has measured

the muon neutrino background with more precision, and a modified power-law fitting

function is needed to reproduce the observed data accurately:

E2 ×
dΦνµ−Bg

dE
= A0

νµ

(
E

GeV

)−(B0
νµ

+Bνµ×ln(E/GeV))

, (5.9)

with Aνµ = 0.05+0.01
−0.02 GeV cm−2s−1sr−1, B0

νµ = 0.81−0.066
+0.008, and Bνµ = 0.037. The

IceCube experimental data and both fitting functions within 1σ standard deviation

are shown in Fig.5.3. The lack of νe atmospheric flux data and its large uncertainty
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allow the power law fit, but a decreasing flux similar to the νµ case is expected at

energies higher than 104 GeV. As we shall discuss, the analysis associated with the

νe signal is not particularly interesting in this case due to its lower angular accuracy.

Therefore, the overestimation of its atmospheric background at high energies does not

have consequences in our results.

Our purpose is to estimate the possibilities of a general neutrino telescope to be sensitive

to the neutrino signal associated to the HESS observation by assuming a DM origin.

In order to be conservative, we will consider a 5σ signal (or a less restrictive 3σ or 2σ

confidence level) by comparing the number of events with respect to the atmospheric

background for a particular neutrino signature:

χνi =
Φνi

√
Aeff texp ∆Ω√

Φνi + ΦAtm
νi

= 5 (3, 2) , (5.10)

where the effective area Aeff, the solid angle ∆Ω and the exposition time texp depend on

the particular detector and the observation. High-energy neutrino telescopes have an

effective area range between the cm2 and the km2, depending not only on the experiment,

but also on the neutrino energy, the position of the source with respect to the telescope

and the associated type of background. We can combine the track search and the shower

signals in a common analysis. However, high energy muons point essentially in the same

direction as the incident neutrino, and the angular resolution of high energy muon tracks

is quite good, smaller than θ = 1◦ for detectors as IceCube. This feature makes these

signatures particularly interesting for the analysis of DM annihilation in the GC. For

the IceCube/DeepCore detector, the GC is above the horizon, so the neutrino flux from

this region contributes to the downward muon rate. However, for ANTARES [105] or

the projected KM3NeT [106] detector, the GC contributes to the upward muon rate.

This fact is a clear advantage since the effective area and volume are enhanced.

The electromagnetic or hadronic showers produced by neutrinos can be used as an

additional signature to test the DM interpretation of the muon track signal. However,

it is difficult to think that they can be used to have the first evidence of DM neutrinos

coming from the GC since the current capabilities for shower angular resolution are

much more limited.

As it can be observed in Fig. 5.3 and 5.7, the sensitivity to DM in the GC depends

crucially on the angular resolution. The best strategy consists in reducing the angle in

order to decrease the atmospheric background. In such a case, an excess at energies

of the order of ∼ 10 TeV can be observable. In order to estimate the energy cut-off

Eνmin, we can restrict the total background to few events:
∑2

i=1 ΦAtm
νi ×Aeff texp ' 1. As

we have commented, we will assume that neutrinos produced by a point-like source are
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Figure 5.6: As in Figure 5.5, the 1σ (dark), 2σ, 3σ, 4σ, 5σ (white) confidence levels
contours for DM annihilating into the W+W− channel are plotted. In this case, the angular
field of view is fixed as θ = 0.6◦ (Left–panel) and θ = 1.5◦ (Right–panel). Therefore, the
possibility to detect the neutrino flux signal above the atmospheric background depends on

the energy cut Eνmin and the factor Af ≡ Aeff × texp.

XXXXXXXXXXXθ◦
Eνmin(GeV) texp

2 yr 3 yr 5 yr

5σ
PPPPPPPPP0.13

274
PPPPPPPPP0.16

336
PPPPPPPPP0.22

420

3σ
PPPPPPPPP0.24

398
PPPPPPPPP0.30

479
PPPPPPPPP0.40

524

2σ
PPPPPPPPP0.38

490
PPPPPPPPP0.46

839
PPPPPPPPP0.60

552

Table 5.3: Same data reported in Tab. 5.1 but in the case of DM annihilating into
uū channel with an effective area of 50 m2.

independent of the resolution angle of the neutrino telescope. In order to compute the

number of neutrino events coming from DM, we integrate Eq. (5.1) over the observation

time and energy:

N
(νf )
texp =

∫ ∞
Eνmin

dEν
dΦνf

dE
×Aeff texp . (5.11)

We shall not consider the probability to detect a neutrino produced close to the de-

tector. There is also an attenuation effect associated with neutrino interactions within

the Earth’s volume [107, 108]. It only affects up coming neutrinos and it will be also

neglected in our estimations. By fixing the exposition time (texp = 0.5, 1, 2, 3, 4, 5

years in Figures 5.4 and 5.8), we can determine the minimum energy Eνmin that gives

a certain number of neutrino events for each observation time (in the same Figures:
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Figure 5.7: Same information as Fig. 5.3 but for DM annihilating into the uū channel.

N (νµ) ' 25, 9, 4, which are approximately associated with 5, 3 or 2σ if the background

events are negligible). On the contrary to the neutrino flux from DM, the events corre-

sponding to the atmospheric background depend on the resolution angle of the telescope.

For a given energy cut Eνmin, we can find the maximum value for the angular field of view

θ necessary to detect a negligible background (We have allowed 1 event of background

for the reported values in Figures 5.4 and 5.8). We have developed this analysis for two

channels qualitatively different: W+W− boson and uū quark-antiquark annihilation.

Following [69], DM annihilating into the W+W− channel requests a DM mass of around

48.8 TeV to fit the HESS gamma-ray spectra of the J1745-290 source. As we can see in

Fig. 5.3, no neutrino signal produced by such kind of DM is expected with an angle of

θ ≈ 60◦. In the same figure, it is shown that the DM flux can be observable for θ ∼ 1◦

or smaller (we are assuming a typical energy resolution of 50%).

On the other hand, Figures 5.5 and 5.6 are plotted without any constraint in the number

of background events. The minimum energy thresholds for the W+W− channel, are

reported in Tables 5.1 and 5.2 for different effective areas and exposition times. We

have studied the variation of the angular field of view and the energy cut. Larger

sensitivities require very accurate angular resolutions. An analysis of energies larger

than Eνmin ' 973 GeV and an effective area of Aeff ' 50 m2 with an exposition time of

texp ' 5 yr can provide 5σ detection signal for angular resolutions of θ ' 0.23◦. Larger

angular analyses of the order θ ' 0.7◦ can provide first evidences of these signatures with

less statistical significance. In this case, the energy cut needs to be larger (Eνmin ' 18

TeV) in order to reduce the atmospheric background. In Fig. 5.5, we show the resolution

angle θ as function of the minimum energy cut Eνmin for different statistical significances
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Figure 5.8: Same information as Fig. 5.4 but for the uū channel. In this case, the DM
mass is fixed to 27.9 TeV, and the astrophysical factor is given by Eq. (5.4). The lowest value
of θ ' 0.01◦ corresponds to a 5σ confidence level with energy threshold of Eνmin ' 244 GeV
and six months of exposition time. The largest value of θ ' 0.12◦ is associated with 5 years of
exposition time, a statistical significance of 2σ, and an energy threshold of Eνmin ' 4.25 TeV.

and exposition times texp. Similar information about the factor Af ≡ Aeff× texp is given

in Figure 5.6.

The J1745-290 gamma-ray spectrum observed by HESS can be also well fitted by DM an-

nihilating in hadronic modes. As an example, we have analyzed the uū quark-antiquark

channel, which requires a mass close to 27.9 TeV [69]. Under this assumption, we have

repeated the study developed for the W+W− channel. In Fig. 5.7, we show the ex-

pected flux for different angular analyses. Estimations of the minimum energy cut and

resolution angles depending on the exposition time and the statistical significance with

negligible background are reported in Fig. 5.8. In Table 5.3 and Fig. 5.9, we present

the results of the analysis for the same hadronic channel without constraining the num-

ber of background events, but fixing the effective area and exposition time combination

(Af = 100 m2yr in the left panel) or the resolution angle (θ = 0.6◦ in the right panel).

5.4 Conclusions

The operation of the IceCube neutrino telescope at the South Pole, together with several

counterparts at the Nothern hemisphere, such as ANTARES and NT200 presently, or

the future KM3NeT and GVD, are opening a new window in our knowledge of neutrino

astronomy.

Indeed, the construction of KM3NeT will imply a new substantial improvement in sen-

sitivity corresponding to a km3 sized detector. On the other hand, radio and airshower
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Figure 5.9: Confidence level contours associated to the observation of DM annihilating into
the uū quark-antiquark channel at 1σ (dark), 2σ, 3σ, 4σ, 5σ (white) confidence level. (Left–
panel): The minimum energy cut is optimized around 1 TeV depending on the resolution angle.
The exposition time and effective area are fixed to the relation: Af ≡ Aeff × texp ' 100 m2 yr.
(Right–panel): the angular field of view is fixed as θ = 0.6◦. In such a case, the possibility to
detect the neutrino flux signal above the atmospheric background demands Af ≡ Aeff× texp &

100 m2yr.

detectors, such as ANITA and the Pierre Auger observatory are sensitive to neutrinos

with even higher energies. The development of neutrino detectors have increased the

interest for analysing the DM nature through the production of astrophysical neutrinos

as its primary source.

We have studied the prospective neutrino fluxes that should be originated by DM anni-

hilating in the GC, in the case that the J1745-290 HESS high energy gamma rays have

this origin [69]. The photon spectra is well fitted by different electroweak and hadronic

channels. We have done a explicit analysis for 48.8 TeV DM annihilating in W+W−

and 27.9 TeV DM annihilating into uū channel. In these cases, the neutrino fluxes are

completely determined by assuming that the DM region is localized as it is imposed

by the gamma-ray analysis. We have estimated the best combinations of energy cuts,

observation times and angular resolutions of a general high-energy neutrino telescope.

For this purpose, we have used IceCube atmospheric neutrino observations as back-

ground. In particular, the data collected with exposition time of t
νµ
exp = 359 days and

tνeexp = 281 days for the muon and electron neutrinos, respectively [103, 104]. We have

found that for DM annihilating into the W+W− boson channel, we need a resolution

angle 0.18◦ <∼ θ <∼ 0.72◦ and low energy cut-off 818 GeV <∼ Eνmin
<∼ 1811 GeV to get a

signal between 5σ and 2σ with a minimum of 2 years of exposition time and a maximum

of five years for a 50 m2 of detector effective area. The mass associated with the uū

annihilation channel is significantly smaller. It implies that the neutrino flux produced
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in this case is less energetic, and more difficult to discriminate from the background. It

demands a higher angular resolution (0.13◦ <∼ θ <∼ 0.60◦) and the energy cuts need to be

smaller (274 GeV <∼ Eνmin
<∼ 552 GeV) in order to accumulate enough events. We have

considered only track signal data by rejecting the muon background and taking into

account the total number of events. For a binned analysis with a non-zero background

and with a combined analysis of track and shower signatures, it could be possible to

find better experimental configurations that should allow to detect neutrinos produced

by heavy DM from the GC with worst resolution angle, smaller effective area or less

exposition time.

Recently, the IceCube collaboration have reported the observation of 37 high energy

neutrinos over the range 30 TeV − 1 PeV at 4.1σ of confidence level, and texp = 662 days

(' 1.8 years). Of these events, 5 are likely originated from the GC [108]. These neutrinos

seem to have an astrophysical origin, but the spectrum and direction are not compatible

with the signal studied in this Chapter (the angular resolution in the muon track events is

of θ ≈ 8◦). The DM signal analyzed may only account for a small part of the events, that

will be more likely associated with an electroweak channel, as the W+W− annihilating

DM model.



Chapter 6

Antiproton flux from the Galactic

Center

As we described in the previous Chapters, the GC hosts large macroscopic concentra-

tions of gas, DM and interstellar radiation, which implies an important diffuse Galactic

emission in this region. In addition, the GC contains a large number of resolved and

unresolved sources of cosmic-rays. Such a complex structure copiously sources different

cosmic-rays from hadronic inelastic interactions, charged particle acceleration, inverse

Compton scattering and Bremsstrahlung. This dense environment does not allow to re-

construct cosmic-ray fluxes from first principles without non-trivial extrapolations and

important assumptions. Different studies of the GC region have found interesting fea-

tures in the spectra of cosmic-ray fluxes, mainly related to gamma-ray emissions, and

reported as excesses with respect to expected backgrounds. Some of them, as the one

observed by the EGRET telescope in the diffuse gamma-ray emission [109, 110], has

been fully explained as having a systematic origin [111] since it has not been confirmed

by other data [112] as the one collected by the FERMI-LAT [61, 71]. However, it has

been claimed that these new data contain another possible excess [113]. As discussed

in Chapter 3, observations of the GC at higher energies have been reported by several

collaborations such as CANGAROO [56], VERITAS [57], HESS [58, 59], MAGIC [60].

Also neutrino fluxes are expected to be originated from the GC. In fact, the IceCube

collaboration have reported the observation of 37 high-energy neutrinos. They seem

to have an astrophysical origin and 5 of them are likely originated from the GC [114]

(Chapter 5).

There are different potential candidates for the primary source of new cosmic rays over

the aforementioned backgrounds. In particular, there are point sources associated with

the Sgr A* black hole [115, 116], supernova remnants such as the Sgr A East supernova

[68], unresolved populations of millisecond pulsars [117], or other unidentified point

79
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sources. As we have mentioned, the majority of the observations are related to gamma-

ray fluxes, but it is expected that the same primary source, which constitutes the origin

of the observed signal, may produce leptonic or hadronic counterparts. In addition, the

production of a concrete particle will induce the production of others depending on the

particular type of particle and energy. This secondary production would affect mainly

the diffuse signal through hadronic emission by inelastic proton collision with the inter-

stellar gas, inverse Compton scattering of interstellar radiation by cosmic-ray electrons

and positrons, or Bremsstrahlung [112, 118].

All these effects make the analysis very challenging. In order to model the GC back-

ground, different templates have been used. However, significant systematic effects are

associated with cosmic-ray density distribution and diffuse hadronic emission [119]. In-

deed, there is a large ignorance about cosmic rays in this region since different popu-

lations of them are likely to be present in the GC itself and may have an important

contribution to the fluxes observed at the Earth. Another fundamental issue with using

the diffusion models is the set of templates employed to reproduce the morphology of

the hadronic and inverse Compton Galactic emission. For example, gas column-density

map templates neglect the possibility of an enhanced cosmic-ray abundance in the inner

Galaxy, and the inverse-Compton template depends strongly on specific choices for the

input parameters in the Galprop code [120].

With all the commented caveats in mind, we will assume that such an emission from the

GC exists and we will estimate the possibility of detecting such signal under the assump-

tion that it is very localized around the GC. In particular, we will focus on an antiproton

emission. The e± and pp̄ data from ATIC/PPB-BETS, PAMELA, FERMI and AMS

have been largely studied. It has been speculated during the last years about the pos-

sibility of explaining the leptonic data at high energy with DM annihilation or decay.

However, the data are also consistent with astrophysical primary sources [121, 122]. On

the contrary, antiproton observations seem perfectly consistent with astrophysical expec-

tations, whose origin is due to the interactions between cosmic-ray nuclei and the ISM.

In this sense, antiproton data can be used to characterize diffusion models of charged

particles along our galaxy, or to constrain new physics, whose antiproton flux may be

identified upon the diffusion background. This is the case of DM models, whose indirect

astrophysical searches are fundamental in order to investigate the constraints and the

prospectives for the detection of different DM models [98, 123–126]. This is particularly

true for heavy DM candidates, whose observation in direct detection experiments or

particle accelerators [80] is highly challenging.

In particular, we will use the PAMELA antiproton data [127], that are in perfect agree-

ment with secondary and tertiary antiprotons production. Astrophysical uncertainties
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due to the antiproton diffusion model affect the antiproton flux at the Top Of the Atmo-

sphere (TOA) and several standard and non-standard diffusion models can be found in

the literature [49, 125]. In this Chapter, we will study the propagation of the antiproton

flux emitted by a localized source at GC and the prospective antiproton flux for different

emission spectra. Our aim is to study the prospective signature that could arise in the

antiproton flux generated by such a source. Restrictions can be set depending on the

total integrated flux and the features of the emission spectra. In Section 6.1, we will

review the antiproton diffusion equation and in Section 6.2 its solution for the particular

case of a point-like source at the GC. In Section 6.3, we will analyze the prospective flux

at TOA produced by a fiducial power law and monochromatic antiproton spectra for

such a point-like source at the GC. Section 6.4 will be devoted to the study of a TeVDM

candidate able to explain the gamma-ray emission from the same region and detected

by HESS [69]. Finally, we will summarize our main results in Section 6.5. This Chapter

is based on [128].

6.1 Antiproton propagation

Charged cosmic-ray propagation in the Galaxy is a complex process affected by many

different physical phenomena. Propagation parameters are set by B/C and sub-Fe/Fe

cosmic-ray nuclei data analyses. Different configuration of parameters may be compati-

ble with both set of data [49]. Antiproton energy losses, convention and reacceleration

also affect the flux at the TOA. Energy losses are mainly due to two effects: First,

ionization in neutral ISM and ionized plasma; and second, the existence of a Galactic

wind. The latter phenomena is described as a constant convective wind velocity Vc, that

pushes the antiprotons far away from the Galactic plane. In the middle of this plane, at

z=0, a singularity takes place since Vc has opposite sign above and below the Galactic

plane [49]. The Galactic wind is due to a constant flow of irregularities in the Galactic

magnetic field and it cannot be neglected in the central part of the Milky Way. This fact

can be deduced from observations from ROSAT and FERMI [129, 130]. However, there

is not a concrete implementation of this effect for the antiproton diffusion model within

this region, and we will not take it into account in our analysis. We have computed

explicitly the consequences of an important increase for the convective velocity in the

model and it produces a significant loss of antiprotons, mainly, in the low part of the

spectrum. However, the systematic errors introduced in this way are comparable to the

existing uncertainties in the diffusion model itself.

The interaction between charged particles and inhomogeneities is described by the pure

space diffusion coefficient K(E). This term is energy-dependent because higher energy
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Model ∆ K0

[
kpc2/Myr

]
Vc [km/s] L [kpc]

MIN 0.85 0.0016 13.5 1

MED 0.70 0.0112 12 4

MAX 0.46 0.0765 5 15

Table 6.1: Value of the parameters associated with different diffusion models of the
antiproton propagation within the Milky Way. The adjectives minimum, medium and

maximum refer to the probability of such diffusion [131].

particles are sensitive to larger spatial scales:

K(Ep̄) = K0vp̄(p/GeV)∆. (6.1)

Here, p = (E2
p̄ + 2mpEp̄)

1/2 is the antiproton (p̄) momentum and vp̄ = (1 −m2
p/(Ep̄ +

mp)
2)1/2 its velocity in natural units; Ep̄ = E−mp, the p̄ kinetic energy; and mp = 0.938

GeV its mass. The parameters K0 and ∆ depend on the diffusion model, and parame-

terize the antiproton escape probability from the confinement volume. This volume is

identified with the Galactic halo, that is described as a cylinder of radius RD, and halo

half-height L. The Galactic plane at z = 0 can be modelled as a thin disk of thickness

2hD = 200 pc. The antiproton number density per unit energy fp̄(t, ~r, Ep̄) = dN (p̄)/dEp̄

vanishes on the surface of the cylinder at height z = ±L, and at radius r = RD.

The larger L and RD are, the larger the probability for particles emitted in remote

sources to reach us [48, 50]. In Tab. 6.1, we show the parameters for models with

minimum, medium and maximum propagation consistent with the commented observa-

tions [50, 131]. We will use these models for our analyses although they are optimized

for cosmic-ray species produced following the distribution of supernova remnants in the

Galaxy. The extrapolation of such models to study the GC region is another source of

systematic uncertainties. Indeed, diffusion effects for antiprotons at distances around 1

pc from the GC may be negligible since they can lose their energy in situ by synchrotron

radiation due to the very large value of the turbulent magnetic field within this region

[132]. One should take into account that this hypothesis could suppress the sensitivity

to antiproton fluxes originated at the GC by several orders of magnitude [133].

Standard sources and interactions with the ISM are confined to the thin disk. The pp̄

interaction in the Galactic plane depends on the inelastic and spallation cross section.

We will use [50]:

σinel
pp̄ (Ep̄) = 24.7

[
1 + 0.584(Ep̄/GeV)−0.115 + 0.856(Ep̄/GeV)−0.566

]
mbar . (6.2)

Such an expression for the inelastic cross section σinel
pp̄ = σann + σnot-ann is an extrap-

olation of the behaviour at low energies (Ep̄ . 100 GeV) that is consistent with data

[49] in order to describe the interstellar pp̄ interactions in the galactic plane, both as
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proton-antiproton annihilation and proton-hydrogen scattering (secondary contribution)

or energy loss (tertiary contribution). Within this approximation, we are neglecting the

tertiary antiprotons that lose a significant fraction of their energy. At high energies the

σann tends to be smaller, so that σinel
pp̄ ' σnot-ann. In any case, the exact expression does

not affect the final result at these higher energies in an appreciable way. This is because

the tertiary contribution does not produce new antiprotons, but merely redistributes

them towards lower energies [49, 50]. All these contributions and the primary source

Q̂(t, ~r, Ep̄) are transported according to the diffusion equation:

∂

∂t

dN (p̄)

dEp̄
−K(Ep̄) · 52dN

(p̄)

dEp̄
+

∂

∂z

(
sign(z)

dN (p̄)

dEp̄
Vc

)
=

= Q̂(t, ~r, Ep̄)− 2hDδ(z)σ
inel
pp̄ (Ep̄)

dN (p̄)

dEp̄
. (6.3)

We will analyze steady states defined by ∂fp̄/∂t = 0 and Q̂(t, ~r, Ep̄) = Q̂(~r,Ep̄). In

addition, we will assume that the primary source can be factorized in two functions

depending on its spatial distribution (QX) and its spectral shape (QE) in the following

way: Q̂(~r,Ep̄) = QX(~r) ·QE(Ep̄). In such a case, a general solution of Eq. (6.3) for the

antiproton flux per unit of energy and per steradian can be written as:

dΦSun
p̄

dEp̄
=
vp̄
4π

dN
(p̄)
Sun

dEp̄
=
vp̄
4π
Rp̄(r�, Ep̄)QE(Ep̄) , (6.4)

where dNSun
p̄ /dEp̄ is the solution at r = r� and

Rp̄(r�, Ep̄) =
∞∑
m=1

J0

(
ζJm

r�
RD

)
exp
[
− VcL

2K (Ep̄)

] Πm (L,Ep̄)

Am (Ep̄) sinh [Sm (Ep̄)L/2]
(6.5)

describes the Galactic antiproton production and propagation with

Am (Ep̄) = 2hDσ
inel
pp̄ (Ep̄) + Vc +K (Ep̄)Sm (Ep̄) coth

[
Sm (Ep̄)L/2

]
, (6.6)

Sm (Ep̄) =

(
V 2
c

K (Ep̄)
2 +

4ζJm
2

R2
D

)1/2

. (6.7)

Because of the cylindrical symmetry, solutions are found in terms of Bessel functions of

order n-th (Jn) and thus the properties of these Bessel functions control the behavior of

these steady-state solutions. In particular, J0 is the zero-th order Bessel function and

ζJm is its m-th order zero. On the other hand, Πm depends also on the Bessel function
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of first order J1:

Πm (L,Ep̄) =
2

J2
1 (ζJm)R2

D

∫ R

0
dr rJ0

(
ζm

r

RD

)
×∫ L

−L
dz exp

[Vc(L− z)
2K (Ep̄)

]
sinh [Sm (Ep̄) (L− z)/2]QX(~r) . (6.8)

6.2 Antiproton point like source

As we commented so far, we would like to estimate constraints and prospectives for the

detection of antiproton fluxes originated from the inner part of our Galaxy. In order

to simplify the mathematical treatment, we will assume a localized source at the GC.

In particular, we will model QX(~r) with a point-like spatial distribution described by a

three dimensional δ-function (δ(3)) centered at GC:

QX(~r) = Q0
Xδ

(3)(~r) ≡ Q0
X

1

2πr
δ(1)(r)δ(1)(z) , (6.9)

where Q0
X is a normalization constant, and we have explicitly written δ(3)(~r) in terms

of one dimensional δ-functions (δ(1)) in cylindrical coordinates (r, θ, z). In such a case,

Equations (6.5) and (6.8) acquire simpler expressions:

Πδ
m (L,Ep̄) =

Q0
X

πR2
D

J0(0)

J2
1 (ζJm)

exp
[ Vc L

2K (Ep̄)

]
sinh (Sm (Ep̄)L/2) , (6.10)

Rδp̄(r�, Ep̄) =
Q0
X

πR2
D

∞∑
m=1

J0

(
ζJm

r�
RD

)
Am(Ep̄)J2

1 (ζJm)
. (6.11)

Therefore, the steady flux of antiprotons for a localized source located at the center of

our galaxy can be written as:

dΦδ
p̄

dEp̄
=
vp̄
4π
Rδp̄(r�, Ep̄)QE(Ep̄), (6.12)

where QE(Ep̄) is its characteristic energy spectrum.

Equations (6.4) and (6.12) provide the solution at the position of the Sun of the an-

tiproton diffusion equation in the Galaxy. To get the antiproton flux at the TOA we

have taken into account the solar modulation by assuming the so-called force-field or

Fisk potential [50, 134]:

dΦTOA
p̄

dETOA
p̄

=
p2

TOA

p2

dΦp̄

dEp̄
(6.13)
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Figure 6.1: (Left–panel) Sensitivity regions derived from PAMELA data for a point-like
source of antiprotons at the GC characterized by a power law emission spectrum with total
amplitude APL and spectral index −(BPL + 1) (Here B = BPL). Red, green and blue regions
correspond to high, medium and low diffusion models respectively. The experiment is sensitive
in the upper region independently on the diffusion features of the antiprotons within the Milky
Way. Low spectral indices are constrained by high energy data whereas the sensitivity related
to high spectral indices is determined by low energy data. It explains the change in the slope
shown by the Figure.(Right–panel) The same as in left-panel of this Figure but for a point-
like source with monochromatic emission, E0

p̄ . The figure shows the sensitivity region of the
parameter space (AM , E

0
p̄) for all possible characteristic energies between 1 GeV and 130 GeV

approximately. Higher emission energies are not constrained by the lack of observational data.

with Ep̄ = ETOA
p̄ + |Ze|φF . As it is well known, the particular value of the Fisk potential

φF in order to parameterize the solar modulation on cosmic-rays depends on the solar

activity and the epoch of observation. We have used φF = 0.5 GV since different

works (for instance, read [135]) have concluded that the range between 0.1 GV and

1.0 GV is the most appropriate for the PAMELA data taking period. This effect is

important at low energies. It reduces the flux of antiprotons for energies below 10

GeV, and consequently, the sensitivity of the antiproton study if the analysis is typically

dominated by low-energy observations.

6.3 Energy spectra associated with general astrophysical

sources

As we have commented so far, the GC hosts different types of point-like sources such

as black holes, supernovas, pulsars, etc. These sources have been identified mainly by

observations of their gamma-ray emissions. In order to estimate the possible observation

of their antiproton counterpart, it is necessary to assume a particular spectral shape

without entering into the details of the particular source. If the range of antiproton

energies, that is relevant for the analysis, does not extend for many orders of magnitude,
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a power law spectrum is typically a good approximation. Indeed, acceleration of cosmic-

rays by Supernovae Remnats (SNR) or Pulsar Wind Nebulae (PWN) are examples of

power law spectra (with a cut-off at higher energies [121]). In such a case, the antiproton

source spectrum can be described in terms of two parameters:

QPL
E (Ep̄) =

Q0−PL
E

Ep̄
·
(
Ep̄

GeV

)−BPL

, (6.14)

where BPL characterizes the suppression of power at high energies, andQ0−PL
E normalizes

the spectral flux. Therefore, we can write the total antiproton flux at TOA in terms of

two constants:

dΦδ−PL
p̄

dEp̄
=
vp̄
4π
Rδ(Ep̄)

A
(p̄)
PL

Ep̄
·
(
Ep̄
GeV

)−B(p̄)
PL

, (6.15)

where A
(p̄)
PL ≡ Q0

X ·Q
0−PL
E , takes into account the total normalization of the emission. We

have compared such flux with the antiproton data observed by PAMELA. In order to be

conservative, we will neglect the background contribution and assume that observations

are sensitive to the signal if it produces a higher antiproton flux than the observed one

at any point of the spectrum. We have checked that a complete study with the use of a

realistic background as the one given in [136] gives very similar results. By following this

approach, the sensitivity on the amplitude and spectral index are shown in the left-panel

of Fig. 6.1 by using different diffusion models. In any case, such a dependence is not

significant as it can be seen in the mentioned figure.

The power law spectral source is constrained fundamentally by the low energy data

(Ep̄ . 1 GeV). However, in a general case, observations of antiprotons at higher energies

can be more relevant. We can analyze this effect by assuming a monochromatic source.

In this sense, this spectrum characterizes complementary features to the power law

assumption. In particular, we will describe the spectral shape as a gaussian distribution

in energy

QM
E (Ep̄) =

Q0−M
E√

2π∆E

e
−

(Ep̄−E0
p̄)2

2 ∆2
E , (6.16)

with the standard deviation given by the typical energy resolution of the device. For

the PAMELA calorimeter the energy resolution is of the order of 5% of the antiproton

energy (∆E ' 0.05Ep̄) for a large spectral range. In this case, the two parameters that

define the spectrum are the spectral normalization Q0
E and the monochromatic emission

energy E0
p̄ . We can perform an analogous analysis that for the power law shape. In this

case, the total antiproton signal at TOA reads:

dΦδ−M
p̄

dEp̄
=
vp̄
4π
Rδ(Ep̄)

A
(p̄)
M√

2π∆E

e
−

(Ep̄−E0
p̄)2

2 ∆2
E , (6.17)
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Figure 6.2: Dependence of the antiproton diffusion function R(Ep̄), in terms of the antipro-
ton kinetic energy Ep̄, for the maximum, medium and minimum diffusion models, associated
with the annihilating DM distributed by following a NFW profile (RNFW(Ep̄) represented by a
full, broken and dotted line respectively) as in [50]; and a point-like DM distribution at the GC
(Rδ(Ep̄) represented by plus, cross and star points respectively, with Q0−NFW

X = 2.13 · 1060 m3

sr as in [69].

where the two constants, that parameterize the signal are Ap̄M ≡ Q0
X · Q

0−M
E , and E0

p̄ .

Again, the analysis shows very low dependence with the diffusion model (see right-panel

of Fig. 6.1). However, in this case, all the observational data are important depending on

E0
p̄ , and in fact, data at high energies are most constraining since the observed antiproton

flux is much more reduced. For energies higher than E0
p̄ ' 130 GeV (beyond the black

solid vertical line), mono-energetic sources are unconstrained by PAMELA observations

due to the lack of data.

6.4 Dark Matter and the HESS gamma-ray J1745-290 source

Another interesting spectral shape to be studied is the one associated with annihilation

or decay of DM particles, which can cluster around a very compact region of the center

of our galaxy. For example, baryonic effects may modify the gravitational potential by

increasing the density in the GC [15, 73] and compressing the dark halo. This scenario

is under debate [74], but it could enhance the importance of the GC region for indirect

DM searches, and in particular, for the antiproton analysis. In fact, it has been shown

in Chapter 3 that the J1745-290 HESS gamma-ray data [58, 59] are well fitted as a

point-like DM source at the GC. Therefore, a significant flux of antiprotons is expected

to be produced if the DM is the origin of this gamma-ray emission.
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Figure 6.3: (Left–panel) Antiproton differential flux at the source for DM annihilating
into W+W− channel with mass mDM = 48.8 TeV, before propagation. It is evident that the
electroweak (EW) radiation effects cannot be neglected. (Right–panel) Antiproton differential
flux at the TOA after propagation for 48.8 TeV DM annihilating into W+W− pairs. Dashed
lines correspond to a spatial distribution following the standard NFW halo profile: upper and
lower lines stand for the maximum and minimum propagation model, respectively. The full
lines mean the same for antiproton propagation from a point-like source located at the GC

with amplitude Q0−NFW
X = 2.13 · 1060 m3 sr.

On the other hand, there is another motivation to consider this type of localized DM

sources at the GC. Antiproton fluxes from DM have been largely studied in previous

works [123, 124, 137], but they have been focused on the total dark halo contribution,

which is dominated by local density contributions. Indeed, numerical results for general

antiproton fluxes at the TOA generated by annihilation or decay of DM particles in

the Galaxy halo with different propagation models have been provided in [50]. It has

been shown that numerical computations of different solutions of the diffusion equation

present an unavoidable singularity around the GC, because of the central steepness,

which usually characterizes DM halo density profiles. In particular, in Ref. [50], this

divergence is replaced by a well behaved approximation below an arbitrary critical radius

of few parsecs (footnote 16 in [50]). In this sense, the addition of a DM contribution

from a point-like source at the GC provides a more complete analysis (for a different

way of regularizing the central DM halo singularity, read [138]).

In order to give a well established physical reference for the value of this point-like

contribution, we will use the standard contribution of annihilating DM from the NFW

profile [77] of our Galaxy and the gamma-ray observation in the direction of the GC. In

this case, the expression for the κ-factor is given by Eq. 2.4 andRp̄ given in Eq. (6.11). In

this case, the equivalent DM point-like source associated with the density distribution

ρδ(~r) is a spatial δ-function centered at the GC, which in spherical coordinates ~r ≡
(rspy, θspy, φspy), can be written as:

QX(~r) = Q0
Xδ

(3)(~r) ≡ Q0
X

1

4πr2
δ(1)(rs) ≡

[
ρδ(~r)

ρ�

]2

, (6.18)
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Figure 6.4: (Left–panel) Sensitivity regions from PAMELA data for DM annihilating
into W+W− pairs distributed in a NFW halo. The experiment is sensitive to the upper
(white) region independently on the diffusion features of the antiprotons within the Milky
Way. On the contrary, the lower (red) region is allowed. Intermediate regions (green and blue)
are allowed also for medium and minimum diffusion models, respectively (the boost factor
associated to the NFW halo emission is plotted in the vertical axis bWW

NFW, whereas the boost
factor associated to a potential contribution from the GC is zero: bWW

δ−NFW = 0). Figure starts
near the W+W− direct production threshold (vertical line). The y-axis can be understood as
the DM cross-section divided by the standard thermal one used for reference if annihilating
DM distributed in a NFW profile with no substructure is assumed. However, the meaning of
the y-axis is more general since the boost factor can be associated with a different dark halo,
the presence of substructure or a possible DM decay channel. (Right–panel) The same as in
the left-panel of this Fig. 6.4 but for a point-like DM distribution at the GC with amplitude
Q0
X = bWW

δ−NFW Q0−NFW
X (here, the boost factor associated to the NFW halo emission is taken

to be zero: bWW
NFW = 0, and the boost factor associated to the point-like source bWW

δ−NFW, is
plotted in the vertical axis).

where we normalize this value to the local DM density ρ� ' 0.3 GeVcm−3. Thus, the

contribution of the point-like spatial distribution to the gamma-ray flux is

〈J〉∆Ω =
1

∆Ω

∫
∆Ω

dΩ

∫ lmax

0
ρ2
�Q

0
Xδ

(3)
[
~r(l)

]
dl(ψ) =

Q0
X

∆Ω

(
ρ2
�

D2
�

)
. (6.19)

The same astrophysical factor for the gamma-ray observation coming from the GC di-

rection with a telescope with the same HESS solid angle ∆Ω ' 10−5 sr and NFW

DM density distribution is 〈J〉NFW
∆ΩHESS = 280 × 1023GeV2cm−5. Thus, the equivalent

normalization constant, that we will use as reference, is given by

Q0−NFW
X = 〈J〉NFW∆Ω ∆ΩHESS

(
D�
ρ�

)2

' 2.13 · 1060 m3 sr. (6.20)

It is interesting to compare the antiproton flux coming from the GC and the expected

contribution from the continuous halo. The relation will depend on the diffusion model

and the particular features of the DM density distribution. In order to give numerical
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Figure 6.5: (Left–panel) Combination of both contributions from the NFW halo and point-
like DM distribution in Fig. 6.4 (i.e., the boost factor associated with the NFW halo emission is
taken to be one: bWW

NFW = 1, and the boost factor associated with the point-like source bWW
δ−NFW,

is again plotted in the vertical axis). (Right–panel) Antiproton differential flux at the TOA
after propagation for 48.8 TeV DM annihilating into W+W− pairs by assuming the maximum
propagation model. Dashed lines correspond to the contribution from a spatial distribution
following the standard NFW halo profile, whereas the full line stands for the contribution from
a point-like source located at the GC with amplitude Q0−NFW

X = 2.13 ·1060 m3 sr. This second
contribution is subdominant and the addition of both components overlap with the one coming

from the continuous halo.

results, we will focus again in the annihilating DM case within the standard NFW

profile. The diffusion Equation (6.3) applies to the total antiproton source coming from

DM annihilation. The steady solution is also given by Eq. (6.4), but we need to take

into account the continuous distribution of the DM to compute RNFW(Ep̄) from Eq.

(6.5):

QX(~r) =

[
ρNFW(~r)

ρ�

]2

. (6.21)

As we see in Fig. 6.2, when Q0
X ' 1 in units of Q0−NFW

X , the propagation function

Rδ(Ep̄) for the point-like DM source at the GC is comparable with the propagation

function RNFW(Ep̄) for the NFW halo profile. Moreover, fitting HESS data requires

typically Q0
X ' 103Q0−NFW

X , which implies that the GC contribution could dominate

the standard one (see Fig. 6.2).

The emission spectra of the source term for annihilating DM is

QE(Ep̄) =
1

2

(
ρ�
mDM

)2∑
i

〈σv〉i
dN

(p̄)
i

dEp̄
. (6.22)

The differential number of antiprotons per energy unit dN
(p̄)
i /dEp̄, produced in a given

annihilating or decaying channel i, involves hadronization and possible decays of unstable

products. This requires Monte Carlo events generators [139] or fitting or interpolation

functions [38]. In particular, we will use the results reported in [50]. They refer to

PYTHIA 8.135 Monte Carlo events generator software [76] and reproduce the differential
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Figure 6.6: (Left–panel) The same as the right-panel of Fig. 6.5 for the medium propaga-
tion model.(Right–panel) The same as the right-panel of Fig. 6.5 for the minimum propagation

model. In this case, the contribution from the GC is dominant at low energies.

number of antiprotons produced by DM of different masses. In order to be conserva-

tive with the previous analysis of this thesis, we will focus on antiproton fluxes coming

from fragmentation and decays of SM particle-antiparticle pairs produced by DM an-

nihilation. We will ignore DM decays. In particular, we will illustrate our analysis by

considering DM annihilation into W+W− pairs that are consistent with the origin of

the HESS J1745-290 gamma-ray observations [69] discussed in the previous chapters, as

an interesting example.

Thus, in the left panel of Fig. 6.3, we show the antiproton flux generated by a 48.8

TeV DM particles that annihilate into W+W− pairs at source, before the propagation.

As we can see, electroweak (EW) corrections are important for antiproton production

at low energies. In the right panel of Fig. 6.3, we show the antiproton flux at TOA

after the propagation within the Galaxy when the primary source is the mentioned 48.8

TeV DM annihilating into the W+W− channel in the cases of a NFW halo profile and

a point-like source at the GC for different diffusion models.

We can compare with the PAMELA antiproton data in order to constrain a vast range

of DM masses depending on the particular value of Q0
X , the DM mass mDM, and the

annihilation or decay channel. In particular, we will present results for the NFW halo

profile and annihilating DM into the W+W− channel by assuming the standard thermal

averaged cross-section 〈σv〉 = 3 × 10−26cm3s−1. In the left panel Fig. 6.4, we analyze

the case of the only contribution of a simple NFW halo profile.

For DM masses below mW ' 80.4 GeV, DM cannot annihilate into a real W+W− pair.

However, for a kinematically allowed annihilation channel, it is well known that low mass

DM particles are severely constrained for masses below 1 or 100 GeV, depending on the

diffusion model features (minimum or maximum type, respectively). The restrictions

can be extrapolated to higher masses for high values of the boost factor bNFW, which

accounts for possible enhancements of the antiproton flux due to higher annihilating
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cross sections or different DM density distributions. Indeed, enhancements of order

bNFW ' 103 allow to restrict DM masses of order mDM ' 100 GeV or even mDM ' 10

TeV depending on the particular features of the antiproton propagation. It is also

interesting to compare the sensitivity of the antiproton and gamma-ray analyses. For

DM particles with masses below 500 GeV, the gamma-ray study should be done with the

observations of the Fermi Gamma-ray Space Telescope. For example, we can compare

our results with the gamma-ray analysis performed in [140], although this comparison

depends on the particular dark halo shape and substructure. For a NFW halo, the

thermal DM cross-section mentioned above is typically excluded for a DM mass below

20 GeV. In the case of the W+W− channel, this constraint does not apply since it is

below the production threshold. However, this DM model would be excluded for a small

boost factor of bWW
NFW = 3 at 100 GeV or bWW

NFW = 10 at 1 TeV. By comparing with the left

panel of Fig. 6.4, we conclude that the gamma-ray analysis is more sensitive except for

the maximum propagation model. Under this assumption, both studies are competitive

and a combined analysis could improve DM constraints.

In the right panel in Fig. 6.4, we show the results from the same analysis computed

for the propagation of antiprotons produced at a point-like source centered at the GC.

Following our convention, we need very high values of Q0
X in units of Q0−NFW

X in order

to find significant constraints. We can define the boost factor associated to the central

contribution as bδ−NFW = Q0
X/Q

0−NFW
X . In contrast with bNFW, it is important to

remark that, in general, there is not a preferred theoretical value for bδ−NFW. It depends

on the particular clustering mechanism for the DM substructure localized at the GC.

Indeed, it may be much larger or smaller than one.

In such a case, we can compute the total antiproton flux as:

dΦDM
p̄

dEp̄
=
vp̄
8π

(
ρ�
mDM

)2∑
i

〈σv〉i
dN

(p̄)
i

dEp̄

[
biNFW ·RNFW

p̄ (Ep̄) + biδ−NFW ·Rδ−NFW
p̄ (Ep̄)

]
,

(6.23)

where i labeled the possible different annihilating or decaying channel contribution,

and Rδ−NFW(Ep̄) means the propagation function associated to the localized central

contribution normalized with Q0
X = Q0−NFW

X ' 2.13 · 1060 m3 sr. Because antiprotons

from the GC could reach the Earth from any direction, they would be hard to distinguish

from the ones produced by the continuous halo distribution.

By taking into account both contributions, and particularizing again for the W+W−

annihilation channel, we can reach the results shown in the left-panel of Fig. 6.5 for

bWW
NFW = 1. DM particles with masses below approximately 100 GeV, which annihilate

in the mentioned boson channel are excluded for the maximum diffusion model (right
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panel Fig. 6.5). This is due to the GC contribution and because the majority of

the antiproton flux produced by heavy DM annihilating into W+W− pairs contributes

mainly at high energies. The point-like contribution dominates for bWW
δ−NFW & 103,

whereas it is negligible for bWW
δ . 10−2. In any case, heavy DM masses are allowed also

with large values of bWW
δ−NFW. In fact, current observations are not sensitive to the DM

particle masses around 48.8 TeV. Such a value is consistent with the origin of the HESS

data of gamma rays coming from the GC, which requires bWW
δ−NFW = 1767 ± 419 [69]

(We define bWW
HESS ≡ 1767 as a benchmark boost factor, which we will use to illustrate

our results). Similar features can be observed in Fig. 6.5 . The contribution from the

point-like source at the GC is more important at low energies. This result is general for

any value of the DM mass. On the contrary, the mass value characterizes the emission

at high energies, since the spectra show a cut-off at the DM mass. These high energy

features are quite independent of the spatial distribution assumed for the DM particles.

Similar conclusions can be derived from Fig. 6.7, where an explicit comparison with the

PAMELA data is provided.

One of the most interesting conclusions of this Chapter is the relation between the results

associated with different analyses. In particular, by comparing the two panels of Fig.

6.4, we can observe the antiproton sensitivity dependence on the diffusion model. The

most important restrictions for the dark halo emission come from the maximum diffusion

model, whereas the minimum model is the least constraining. On the contrary, for the

antiprotons produced at the GC, the constraints are more important for the minimum

diffusion model for DM masses lower than 200 GeV. For masses higher than 1 TeV, the

most constraining models are the minimum and the maximum one.

Therefore, the most constraining diffusive model on antiproton fluxes depends on whether

they are produced from the GC (right panel of Figure 6.4) or from the entire halo (Fig-

ure 6.4 left panel). These results can be understood by observing Fig. 6.2 and Fig.

6.7. The most important constraints for the GC emission are provided by the minimum

diffusion model if the restrictions are dominated by low energy observations (antiproton

data around 1 GeV). If the restrictions come from the high energy data (around 100

GeV), minimum and maximum propagations give the most restricting results. On the

contrary, independently on the DM mass, the maximum diffusion model is the most

constraining if the antiprotons are produced within the entire dark halo.

6.5 Conclusions

Present antiproton flux measurements are compatible with standard diffusion models of

cosmic-rays without additional primary sources. Indeed cosmic-ray interactions with the



6- Antiproton flux from the Galactic Center 94

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

a
n

ti
p

ro
to

n
 f

lu
x
 [

G
e

V
m

2
s
 s

r]
-1

Ep(GeV)

χ χ -> W
+
W

-

PAMELA data

mDM=48.8TeV bNFW=1, bδ=bw
HESS

 MAX

mDM=48.8TeV bNFW=1, bδ=bw
HESS

 MED

mDM=48.8TeV bNFW=1, bδ=bw
HESS

 MIN

mDM=48.8TeV bNFW=1 MAX

mDM=48.8TeV bNFW=bw
HESS

 MAX

mDM=100GeV bNFW=1 bδ=0 MAX

Figure 6.7: Antiproton differential flux at the TOA after propagation for 48.8 TeV DM an-
nihilating into W+W− pairs for different diffusion models and distribution profiles: The lower
signal (black line) corresponds to the non-boosted NFW profile by employing the maximum
diffusion model. On the other hand, the same assumptions give raise to the highest flux at high
energies (violet line) but with a boost factor of bWW

NFW = bWW
HESS = 1767. A point-like source is

negligible for this diffusion model if it is not enhanced by very large factors (see right-panel of
Fig. 6.3 or right-panel of 6.5). We show the antiproton flux at TOA for the medium diffusion
model for non-boosted NFW profile plus enhanced δ-DM distribution (bWW

δ−NFW = bHESS
WW ) at

the GC for three diffusion models (blue big-dotted, green rushed and red little-dotted line).
Finally, we show as a non-boosted NFW profile of 100 GeV DM annihilating into the W+W−

channel is excluded also without enhancement at the GC.

ISM and their propagation represents the background for new astrophysical primaries

that may produce an important amount of antiprotons. We have analyzed the prospec-

tive signatures that should be produced by different types of antiproton spectra sources

at the center of our Galaxy. The diffusion of antiproton particles highly affects the final

signature. In this sense, our analysis can be used to constrain new sources of primary

antiprotons if the agreement between observations and predictions is maintained; or al-

ternatively, it can determine the features of the diffusion model if a new antiproton flux

component from the GC is identified. We have studied the antiproton propagation func-

tion for a point-like source at the GC. In general, this function depends on the spatial

distribution source. We have analyzed the flux at the TOA for three emission spectra,

considered as different models that could be associated to a large variety of astrophysical

sources, such as the case of a power law flux, monochromatic emission, or to annihilating

or decaying DM. We have compared such flux with the present antiproton data. In order

to be conservative, we have neglected the background contribution. We have studied the

sensitivity by constraining the different features of the mentioned spectra, as the total

normalization amplitude, the power index, the characteristic energy, the DM mass, etc.

The constraints are very general and need to be compared with particular motivated
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sources. Alternatively, if an excess is observed, our analysis can determine the particular

model favoured for such data.

In the case of the DM, there are two reasons for the analysis. On the one hand, DM

can be compacted around a very localized region at the center of our galaxy for differ-

ent processes, as the baryonic compression or black hole effects. On the other hand,

numerical computations of the diffusion equation present a singularity at the GC, be-

cause of the central behaviour of DM halos density profiles. This divergence needs to be

regularized. The simplest possibility is removing it below a given radius [50]. Another

possibility is to consider its contribution separately as a point-like source. In any case,

the contribution from the local continuous halo profile is expected to be important and

the interplay between both contributions gives a rich phenomenology, as we have shown

in the present chapter.
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Chapter 7

Monte Carlo Event Generator

Uncertainties

As shown in this thesis so far, in order to set constraints on the diverse DM models

and get a better understanding of the astrophysical factor associated with the distri-

bution of this kind of matter, numerous signals detected in gamma–rays, neutrinos,

positrons, antiprotons and other particles have been studied in the available literature

[55–60, 89, 91, 141]. The majority of these analyses make use of Monte Carlo event

generator packages, that allow to predict the spectra of final-state particles generated

by DM annihilation and decays into SM particles. The most used Monte Carlo generator

packages are PYTHIA and HERWIG, both with available versions written either in Fortran

or C++.

In this Chapter we shall focus on the gamma–ray spectra generated by these four codes,

showing how the choice of the Monte Carlo code may affect the DM search. Thus,

Section 7.1 is devoted to illustrate the main differences between PYTHIA 6.418 (Fortran

version), PYTHIA 8.165 (C++ version), HERWIG Fortran version 6.5.10 and HERWIG C++

version 2.6.1. In Section 7.2 we determine the differences between the four Monte Carlo

codes when four illustrative annihilation channels are studied. In Section 7.3 we then

analyze the implications that these differences may have in the WIMPs phenomenology

and DM indirect searches. Finally Section 7.4 shall cover the main conclusions of such

analysis. This Chapter is based on [142].

7.1 Monte Carlo simulations

As introduced, the majority of the analyses for indirect search of DM make use of

Monte Carlo event generator packages, of which the most used are PYTHIA and HERWIG,

97
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both available in Fortran and C++. Among others cosmic-ray fluxes, the differential

photon flux produced by Monte Carlo event generators may be understood as the out-

come obtained from a particle shower schematization in three fundamentals parts: the

QCD Final-State Radiation, the hadronization model and the QED Final-State Radi-

ation. Differences between available generators in the aforementioned parts, may help

understanding the origin of such differences. Therefore, let us study separately the

technicalities of each part in the following (read [141] for further details).

7.1.1 QCD Final-State Radiation

The QCD Final-State Radiation is described by the elementary probability to radiate

either quarks or gluons (partons). This probability is universal in the soft (low energy)

and collinear (high energy) approximation. In these two limits the branching probability

is proportional to [143]:

αs(kT )

2π
∆s(Q

2
max, Q

2)PMC
i,jk (zMC)

dQ2

Q2
dzMC

dφMC

2π
, (7.1)

where αs is the coupling constant of the strong interaction, Q2 is the evolution variable,

Q2
max is its maximum allowed value, zMC and (1- zMC) are the energy fraction of the

two generated partons, and φMC is the azimuthal angle (zMC and φMC are defined in the

center of mass frame, but other definitions only differ beyond the leading logarithmic

order approximation). PMC
i,jk (zMC) is the Altarelli-Parisi [144] splitting function describ-

ing the distribution of the fraction zMC of the emitted parton energy with respect to its

parents, where the subindices i and jk stand for the incoming and final parton species.

∆s(Q
2
1, Q

2
2) holds for the Sudakov form factor accounting for all the non-resolvable effects

of the perturbative theory (quantum loops and resonances among others) acting on the

probability of transition between Q1 and Q2 states. Q2
max is set by the hard-scattering,

i.e., the head (initial) process of the parton shower, and Q2
0 is the last process when the

parton shower ends and the hadronization begins.

The evolution variable Q2 represents the first difference between the Monte Carlo sim-

ulations: In HERWIG and HERWIG++ Q2 ' E2(1− cosθMC), where E is the energy of the

parent parton and θMC is the emission angle. It was originally implemented in [145].

However, in PYTHIA 6.4 the evolution variable Q2 corresponds to the virtuality of the

emitted parton, i.e., its virtual mass, whereas in PYTHIA 8 is given by kT , the trans-

verse momentum of the emitted parton with respect to the emitting one. The latter

formulation allows to order the final-state showers with regard to kT through a sequence

of falling transverse-momentum values [146]. In most cases, the two variables used in
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the two versions of PYTHIA are compatible, but HERWIG turns out to reproduce more

accurately the color coherence dependent data in the soft limit.

Finally, the Sudakov form factor for one parton is given by [35]:

∆S(Q2
max, Q

2) = exp

[
−
∫ Q2

max

Q2

dk2
T

k2
T

∫ zmax

zmin

dzMC
αs(zMC, k

2
T )

2π
PMC
i,jk (zMC)

]
. (7.2)

In multiparton processes, the previous equation needs to be integrated; the integration

method differs for each package. For instance, in PYTHIA zminMC = Q2
0/Q

2, whereas in

HERWIG zminMC = Q0/Q. With regard to zmaxMC , it satisfies zmaxMC = 1 − zminMC for all the

codes. This definition leads to conclude that, for a given value for Q2, the evolution

range in the zMC variable is larger in PYTHIA than in HERWIG. When comparing the two

simulations with LEP data, the strong coupling constant αs takes also different values,

being αs(MZ) ' 0.127 in PYTHIA and αs(MZ) ' 0.116 in HERWIG. This fact depends

on the implemented approximation. In the QCD shower, the soft gluons interference

effects lead to an ordering of subsequent emissions in terms of decreasing angles. This

approximation of coherence effects also depends on the Q2 definition. For the first

mass-ordering version of PYTHIA, in which Q2 ≈ m2 with m2 = E2 − k2 ≥ 0, it had

to be implemented as additional requirement. In the case of the kT -ordering version,

with Q2 ≈ k2
T = zMC(1 − zMC)m2, it leads directly to the proper behavior. Finally,

due to theoretical analysis, the scale choice αs = αs(k
2
T ) = αs(zMC(1 − zMC)m2) is the

default one in PYTHIA. On the other hand, HERWIG takes into account this effect via the

angular ordering of emissions in the parton shower by redefining the running constant.

In this case, αs = αs
(
z2

MC(1− z2
MC)q̃2

)
, where q̃ corresponds to the scale of the decaying

parton. Moreover, a two-loop approximation is reproduced in HERWIG by means of the

Monte Carlo scheme with αMC
s = αM̄S

s (1+KαM̄S
s /2π), where αM̄S

s is defined in the usual

modified minimal subtraction (M̄S) scheme in QCD (read [147] for further details). In

any case, we conclude that photon emission is not affected by angular ordering [148].

7.1.2 Hadronization

When the evolution variable Q2 reaches the value Q2
0, the parton shower ends and the

hadronization begins. Two different models to describe hadronization are thus devel-

oped in the two aforementioned packages. PYTHIA relies on the String Model Hadroniza-

tion [148, 149] whereas HERWIG does on the Cluster Model Hadronization [150, 151]. In

any case, both models take into account the experimental data collected by the LEP

for tuning their parameters. In particular, the standard “tunes” use data at 100 GeV

of center of energy. In the future, new tunes could also consider the LHC data. In any
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case, the hadronization model does not seem to affect the gamma–ray spectra in an ap-

preciable way, except if the π0 production changes significantly. Finally, let us remaind

that most of the hadrons formed during the hadronization process are unstable and will

eventually decay. The resultant final states, which are mainly leptons, lead the photon

production involving QED processes.

7.1.3 QED Final-State Radiation

The radiation emitted by quarks, W± bosons, and charged leptons (i.e. Bremsstrahlung

radiation), as well as the possibility of pair production, can be added to equation (7.1)

introduced above. The Bremsstrahlung component of the Final-State Radiation (FSR)

represents the main contribution in the case of gamma–rays produced by DM annihi-

lating/decaying into e+e− and µ+µ− channels. The high energy leptons come directly

from the hard process in the first case and both from hard processes and µ± decay in the

second one. In any case, associated γ-photons are produced by Bremsstrahlung effects

in both cases. Bremsstrahlung FSR from hard processes is currently not implemented

in HERWIG++ version 2.6.1, being unable to produce gamma–ray spectra in the case of

e+e− and µ+µ− channels, while it is included in both HERWIG and PYTHIA (6.4 and 8).

This component clearly affects all the logarithmic part of gamma–ray spectra at high

energy generated with HERWIG++, as shall be shown in the following sections.

With regards to the electroweak (EW) 2 → 2 processes of the FSR, where photons

are produced or annihilated, PYTHIA 8 accounts for all these processes, except the

γγ → W+W−. As for HERWIG, it contains the q → qγ processes, but not the pro-

cess γ → ff̄ . These two last processes are indeed contained in HERWIG++. However, we

verified that different sets of such processes did not affect the gamma–ray spectra in an

appreciable way after modifying the codes.

7.2 Gamma–ray spectra from DM annihilation/decay

In this Section we study the spectra of four relevant channels by using the four Monte

Carlo generators mentioned above. Namely, we have studied the on-shell channels:

W+W−, bb̄, τ+τ− and tt̄ since they are representative channels of the phenomenology

of annihiliating/decaying DM. The tt̄ channel was studied separately since it presents a

particular phenomenology with respect to the other quark channels.
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The photon spectra is better described in terms of the dimensionless variable:

x ≡ 2
Eγ
ECM

, (7.3)

where Eγ and ECM correspond to the photon and center of mass (CM) energies, respec-

tively. This variable is simply reduced to x ≡ Eγ/mDM in the case of annihilating DM

and therefore lies in the range between 0 and 1. Large differences between spectra are

usually present at extremes of x. For this reason, we present the spectra in both linear

and logarithmic scales for x. In the first (second) case the behavior at high (low) x is

more clearly shown. For each channel, we focused on two values of DM particle mass:

100 GeV and 1 TeV. In the case of the tt̄ channel the masses under study were 500 GeV

and 1 TeV.

Gamma–ray spectra from DM annihilation: W+W− channel

The simulated gamma–ray spectra for DM particles annihilating into W+W− channel

appear very similar for x > 10−5 both for a DM mass of 100 GeV and 1 TeV. This

behavior can be seen in Figs. 7.1 and 7.2 respectively. It is clear from the figure the

considerably lower fluxes generated by HERWIG++ at high energies as compared to the

rest of packages, probably because of the absence of Bremsstrahlung from hard processes

in the e+e− and µ+µ− cases commented before. On the other hand, a slight difference

is observed for energies between x = 0.3 − 0.7 with HERWIG providing in both cases

the highest values. Nonetheless, the main differences appear at lower energies as can

be seen in Figs. 7.1 and 7.2. In PYTHIA 8, we have generated each photon spectrum

by using the resonant process e+e− → φ∗, where φ∗ is a resonance with mass of ECM

and a user-defined decay mode. This procedure is very similar to the one we used

for PYTHIA 6.4, except that channels were created by using the subroutine PY2ENT. In

HERWIG++, we used the scattering of photons as the initial process. The photon spectra

are then independent of the initial beams (e+e− or γγ) and solely depend on the energy

of the event, i.e. ECM = 2mDM. In PYTHIA 8, the cut-off at low energy strongly

depends upon this parameter pTminChgL (dubbed here pT ) and exactly corresponds to

its set value, with allowed range of 0.001 – 2.0 and a default value of 0.005. (FIG.

7.3 (Right-panel)) In HERWIG++, QEDRadiationHandler is set off by default, so that the

cut-off appears to higher energy with respect to the other Monte Carlo generators. In

the opposite case, when QEDRadiationHandler is enable and the relevant parameter

IFDipole:MinimumEnergyRest varies in values, the spectrum at low energy changes

drastically. Smaller values of such parameter enlarge the production of photons at low

energies (See Fig. 7.3, left–panel).
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Figure 7.1: (Left–panel) DM particles annihilating into W+W− channel with mDM =
100 GeV in logarithmic scale. The simulations are consistent down to x ' 10−4. At x '
10−5 Fortran simulations are bigger than the C++ ones by a factor ten. At x ' 10−6

no more photons are produced in HERWIG++ provided that the QEDRadiationHandler

is set off as default. In our simulation, QEDRadiationHandler is switched on with a
clear cut-off at energy of 10−10. Analogous cut-off appear at x ' 10−8 in PYTHIA 8,
x ' 10−11 in HERWIG and x ' 10−12 in PYTHIA 6.4 . The simulations are very different
at these energy values and physical validity has to be checked. Due to the fit of the
Monte Carlo codes with high energy colliders (such as LEP and LHC) that are poor
of data at low energy, simulations at low energies might be unreliable. If this is the
case, it is expected that this effect affects all the simulated channels. (Right–panel) DM
particles annihilating into W+W− channel with mDM = 100 GeV in linear scale. Notice

the lower flux for HERWIG++ at high energies when compared to the rest of packages

Gamma–ray spectra from DM annihilation: bb̄ channel

In the case of DM annihilation into bb̄ channel, the HERWIG++ spectrum appears lower

for high energy (x > 0.6) with respect to the other simulations, due to the lack of the

Bremsstrahlung photons generated by high energy leptons. Thus, both PYTHIA codes

and HERWIG simulations look very similar qualitatively for the two studied values of DM

mass as seen in Figs. 7.4 and 7.5. On the other hand, at very small energies
(
x < 10−4

)
HERWIG simulation returns higher values of the flux with respect to the other packages.

This fact can be seen in Figs. 7.4 and 7.5. The other codes for these small energies

agree very well in their predictions.

Gamma–ray spectra from DM annihilation: τ+τ− channel

Differences in the gamma-spectra appear in the case of DM particles annihilating into

leptonic channels. Here we show the τ+τ− annihilation channel as an illustrative exam-

ple. In this channel and for the two studied DM masses, both HERWIG codes present an

important suppression of the spectrum for energies in the interval 0.8 < x < 1, while

both versions of PYTHIA extend the photon spectra up to x = 1 with higher spectra.

This fact can be observed in Figs. 7.6 and 7.7 and may be explained by the absence

of Bremsstrahlung gamma–rays generated by high energy leptons when HERWIG codes
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Figure 7.2: (Left–panel) W+W− annihilation channel with mDM = 1 TeV in log-
arithmic scale. As in Fig. 7.1, the simulations are consistent down to a value of x,
that is 10−6 in the case of mDM = 1 TeV (a factor ten lower in x with respect to the
case with mDM = 100 GeV). Similar behaviors of the lower energy cuts-off are also
observed, with a general shift of x cut-off value of order 10−2. (Right–panel) W+W−

annihilation channel with mDM = 1 TeV in linear scale. All the simulations except for
HERWIG++ exhibit the same behavior as in Fig. 7.1, but within x ' 0.3 and x ' 0.7 and
a maximum discrepancy at x ' 0.5. The shift with respect to Fig. 7.1 can be simply

explained by the increment of the WIMP mass.
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Figure 7.3: Cut-off at low energy photons in C++ codes. High energy linear scale are
not affected. (Left–panel) W+W− annihilation channel with HERWIG++ at mDM = 1
TeV in logarithmic scale. Different cut-off at low energy in logarithmic scale correspond
to cuts in the QEDRadiationHandler of kT = 10−8 , 10−4 , 1. (Right–panel) bb̄ annihi-
lation channel with PYTHIA 8 at mDM = 1 TeV in logarithmic scale. Here the cut-off
are set as the minimum, medium and maximum value of the allowed range of value.

are used. As can be seen in the leptonic and muonic channel, HERWIG Fortran accounts

for an extrapolation with respect to the Bremsstrahlung photons related with hard pro-

cesses, but it does not provide an exact implementation of this EW process. This is

the reason why the gamma–ray spectra simulated with HERWIG Fortran for channels

where the Bremsstrahlung radiation contribution is subdominant are in agreement with

PYTHIA 6.4 and 8 results, up to the statistical errors. Moreover, a difference of one

order of magnitude appears for energies x ≥ 0.8 among PYTHIA codes and HERWIG codes.

At intermediate energies, x ≈ 10−3 − 0.2, all codes agree. For small energies, PYTHIA

packages agree in their spectra up to x = 10−7 but not for lower energies where both
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Figure 7.4: (Left–panel) bb̄ annihilation channel with mDM = 100 GeV in logarithmic
scale. Three of the four simulations perfectly match down to x ' 10−6, where no more
photons are produced. HERWIG Fortran also match down to ' 10−5. Here, its simulated
flux appears much bigger, with no photons counted at energies smaller than x ' 10−11.
(Right–panel) bb̄ annihilation channel with mDM = 100 GeV in linear scale. Three of
the four simulations are in agreement within the statistical error bars on the full x

range, while HERWIG++ gives lower flux above x ' 0.5.
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Figure 7.5: (Left–panel) bb̄ annihilation channel with mDM = 1 TeV in logarithmic
scale. PYTHIA 6.4 agrees with both HERWIG++ and PYTHIA 8 down to x ' 10−7, where
the spectra of the latter two packages stop. PYTHIA 6.4 stops providing gamma–rays
at x ' 10−9. Once again, HERWIG generates larger gamma–ray fluxes at low energy.
The difference at high energy discussed in Fig. 7.2 is also apparent on the right panel.
(Right–panel) bb̄ annihilation channel with mDM = 1 TeV in linear scale. As in Fig.
7.4, HERWIG++ gives much lower flux above x ' 0.5. Although HERWIG agrees both with
Pithia 6.4 and PYTHIA 8 within statistical errors, PYTHIA 8 flux (with better statistics)

appears two or three times bigger than PYTHIA 6.4 at x ' 0.6, 0.8.

PYTHIA 8 seems to be strongly suppressed for energies smaller than x = 10−7.

HERWIG++ produces less photons for small energies x ≤ 10−3, although the QEDRadiation

Handler was enable. Concerning HERWIG, the spectrum can be extended down to x =

10−11 and it lies in between the PYTHIA 6.4 and HERWIG++ simulations, for the two

studied masses and for small energies. With regard to high energies close to x = 1,

HERWIG spectrum is the most suppressed for this channel.
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Figure 7.6: (Left–panel) τ+τ− annihilation channel with mDM = 100 GeV in loga-
rithmic scale. The simulations are inconsistent below x ' 10−2. PYTHIA codes are more
consistent, generating the same spectral form down to x ' 10−7, where PYTHIA 8 has
its cut-off. PYTHIA 6.4 spectra attains smaller energies to almost 10−10. HERWIG cut-off
reaches almost x ' 10−11, but its flux is lower than the PYTHIA ones below x = 10−3

and reaching the maximum inconsistence of almost a factor ten at x = 10−5. HERWIG++
appears totally inconsistent with the other three packages, with a much lower flux that
gets a maximum divergence of 5 orders of magnitude at x ' 10−6 where its photons
production stops. (Right–panel) τ+τ− annihilation channel with mDM = 100 GeV in
linear scale. For this leptonic channel, the spectral forms of the four codes differ on the
whole energy range. We can see that the spectral cut-off at high energy is similar for
both HERWIG codes and PYTHIA ones by pairs. In the interval x ' 0.6− 0.8, simulated
gamma–ray flux from PYTHIA 6.4 and HERWIG++ match. At x ' 0.7, PYTHIA 8 lies
a factor 2-3 above HERWIG++ and PYTHIA whereas HERWIG lies the same factor below.
Therefore there exists a non negligible difference (almost a factor ten), between PYTHIA

8 and HERWIG simulated spectra at this value of x.

Gamma–ray spectra from DM annihilation: tt̄ channel

The most remarkable differences between the four simulations packages appear in the

tt̄ channel. To enable top decays in PYTHIA 6.4, the subroutine PYINIT() has to be

executed. Alternatively, this process can be implemented by its dominant SM decay, i.e.

t → W+b (or equivalently t̄ → W−b̄) [38]. In order to maintain any non-perturbative

effect, the initial state was made of a four-particle state composed by W+b coming from

the t quark and W−b̄ from t̄ anti-quark. These choices conserve all kinematics and

color properties from the original pair and show the same results as the PYINIT() case.

Starting from this configuration, we force decays and hadronization processes to evolve

as PYTHIA does. Therefore, the gamma–ray spectra corresponding to this channel have

also been included for PYTHIA 6.4 in our analysis using this procedure. For this channel

we have studied two DM masses 500 GeV and 1 TeV. The simulated spectra appear

very similar in the range 10−5 < x < 0.1. Nonetheless, at lower and higher energies the

four are quite different. At large energies, PYTHIA 8 gives the highest flux being able to

acquire non-null flux for x ≈ 1. The smallest flux is again for HERWIG++ whereas PYTHIA

6.4 and HERWIG lie in between the other two. These facts can be seen in Figs. 7.8 and

7.9. The four spectra also differ at high energy due to the (absence of) implementation
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Figure 7.7: (Left–panel) τ+τ− annihilation channel with mDM = 1 TeV in logarithmic
scale. Compared to Fig. 7.6, all the lower cut-offs are shifted by a factor of ten to lower
x’s, with the exception of PYTHIA 6.4 that is shifted by a factor of a hundred, so that
it never crossed HERWIG data as happened with mDM = 100GeV. (Right–panel) τ+τ−

annihilation channel with mDM = 1 TeV in linear scale. The behavior is analogous to
the one discussed in Fig. 7.6.
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Figure 7.8: (Left–panel) tt̄ annihilation channel with mDM GeV in logarithmic scale.
At low energy the simulations are consistent down to x ' 10−5. HERWIG++ drops down
at x ' 10−7 and PYTHIA 8 does at 10−9, producing a higher number of photons 100 times
bigger than HERWIG++ at x ≈ 10−7, and almost 10 times lower of PYTHIA 6.4 at the same
value of x. PYTHIA 6.4 cuts-off at x ' 10−13 and HERWIG does at x ' 10−12, where the
two spectra match. For higher energies, HERWIG gamma–ray flux is higher than PYTHIA

6.4, with a maximum factor of ten at x ' 10−9. (Right–panel) tt̄ annihilation channel
with mDM = 500 GeV linear scale. The four simulations are manifestly inconsistent
between them at high energy. HERWIG++ flux became lower from x ' 0.2 onwards and
cuts off at x < 0.8. At x ' 0.4 PYTHIA 6.4 and HERWIG are similar between the statistical
errors up to x ≈ 0.8, where spectra and cuts-off become different. PYTHIA 8 starting

from x ' 0.6 produces the highest flux with cut-off at x ' 1.

of Bremsstrahlung effects. All the possibilities were summarized in Table 7.1. At low

energy the differences may be associated as in the τ+τ− both to the cut-off in the lowest

energy allowed for photons and to the presence or not of the QEDRadiationHandler in

the simulation.
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Figure 7.9: (Left–panel) tt̄ annihilation channel with mDM = 1 TeV in logarithmic
scale. At low energy the simulations are consistent down to x ' 10−6. HERWIG++ drops
down at x ' 10−7 and PYTHIA 8 does at x ' 10−10, producing a higher number of
photons that is 100 times higher than HERWIG++ at x ' 10−7, and almost 10 times
lower than PYTHIA 6.4 at the same value of x. PYTHIA 6.4 cuts-off at x ' 10−13 whereas
HERWIG does at x ' 10−12 where the two spectra match. For higher energies, HERWIG
provides a higher flux with a maximum factor of ten at x ' 10−8. (Right–panel) tt̄
annihilation channel with mDM = 1 TeV in linear scale. The four simulations are
all manifestly inconsistent between them at very high energy. HERWIG++ flux becomes
lower from x ' 0.2 onwards and cuts-off at x < 0.8. At x ' 0.4, PYTHIA 6.4 splits
from HERWIG and PYTHIA 8 that remain with higher flux. PYTHIA 6.4 cuts-off before
reaching x = 1, such as HERWIG does, although with very different spectral form and
a separation of a factor ten at x ' 0.8. Finally, HERWIG also splits from PYTHIA 8 at

x ' 0.6, producing the highest flux with cut-off at x = 1.

Package Bremsstrahlung

PYTHIA 6.4 Implemented

PYTHIA 8 Implemented

HERWIG Partially implemented

HERWIG++ Not implemented

Table 7.1: Simulations are strongly affected by the inclusion of Bremsstrahlung radi-
ation and consequently the spectra turn out to look very different at high energy.

7.3 Implications to WIMPs phenomenology

Monte Carlo generators are essential tools for indirect searches of DM. The simulated

spectra generated by PYTHIA 6.4, PYTHIA 8, HERWIG and HERWIG++ allow to get predic-

tions about the signal coming from DM annihilation and/or decay. The choice of the

Monte Carlo generator may affect the predictions on both constraints and upper/lower

limits to be imposed on DM annihilation cross section, relic density, astrophysical factor

and other relevant quantities. As we discussed in the previous sections, the gamma–

ray spectra look more similar at the energy corresponding to the peak of emission, but

important differences appear at lower and higher energies. Lower energies are less im-

portant in the context of indirect searches, because of the dominance of astrophysical

background components. However, the spectra at high energies could be fundamental.
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As an illustrative example, the next CTA is expected to extend the accessible energy

range from well below 100 GeV to above 100 TeV [91] and therefore may cover a wide

range of high gamma–ray energies and signatures of DM annihilation in a wider range

of masses than for instance FERMI-LAT satellite.

Since PYTHIA 8 includes both a good description of the t quark behavior and the QED

radiation, we use it to compare with the other generators. We present the Monte Carlo

relative deviation (∆MCi) with respect to PYTHIA 8 in Fig. 7.10, defined as

∆MCi =
MCi − PYTHIA 8

PYTHIA 8
, (7.4)

where MCi stands for PYTHIA 6.4, HERWIG and HERWIG++. For a DM mass of 1 TeV, the

relative deviations are always less than 20% up to x = 0.2. For the whole high energy

range, PYTHIA 6.4 produces typically less photons with a maximum relative error of 50%

with respect to PYTHIA 8, apart from the tt̄ channel for which the strong approximation

leads to differences up to 100%. HERWIG exhibits deviations lower than 50% for the

W+W− channel up to x ' 0.6, similar deviations are found for bb̄ up to x ' 0.5 and for

almost all the high energy range (up to x = 0.8) for τ+τ−. In the case of tt̄ channel,

deviations below 50% are found just below x ' 0.3. HERWIG++ shows differences up to

100% for all the annihilation channels when the energy increases beyond those values.

On the other hand, the total number of photons produced by each event or multiplicity,

also affects the constraints both in the sense of annihilations cross section and astro-

physical factor. In indirect searches a typical significance of the signal between 2σ and

5σ with respect to the background is demanded. Apart from the specific characteristics

of the detector, the flux of photons depends upon the DM density and the distance

and distribution of the sources. All these dependences are taken into account by the

astrophysical factor 〈J〉 and the boost factor b. Thus, two simulations should give dif-

ferent number of photons for the same number of events, this situation will affect the

parameters 〈J〉 and b.

As we can see in Fig. 7.11, the multiplicity depends not only on the Monte Carlo event

generator, but also on the energy of the event and the annihilation channel. In this

study, we set a lower photon energy cut-off of xC = 10−5. It means that the energy

cut-off increases with the DM mass. This kind of DM mass depending cut-off allows

to reject photons of lower energies, where the simulations present important differences.

However, the excluded range of the spectrum is not relevant for gamma-ray observations.

This cut-off is also compatible with typical gamma-ray detectors energy thresholds. As

an example, for a DM mass of 10 TeV, the corresponding energy cut lies at 100 MeV.

Detector energy thresholds are typically around 1−10 GeV depending on the particular
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Figure 7.10: Relative deviations versus x at mDM = 1 TeV. The full horizontal line
at zero represents PYTHIA 8. The dashed blue line holds for PYTHIA 6.4 vs. PYTHIA 8,
the dotted one is HERWIG Fortran vs. PYTHIA 8 and the two-dotted one is HERWIG++ vs.

PYTHIA 8.

experimental device [37]. In any case, we have checked that our results and conclusions

about the different multiplicities do not depend on the particular choice of this cut-off.

Thus we have tested the robustness of our analysis with xC = 10−3 and MC = 1 GeV.

In most of the cases PYTHIA 6.4 gives the multiplicity upper limit, except for the tt̄

annihilation channel – maybe due to the approximation of such process [38] – and bb̄

channel at the range mDM > 200 GeV. On the other hand, the lower limit is given by

HERWIG++ in most of the cases, except for W+W− and bb̄ (the last one, up to mDM > 200

GeV) annihilation channel.

The multiplicity behavior is well approximated by the following power law relation with

the DM mass:
Nγ

Nχχ→SM
' aMC ·

( mDM

1 GeV

)bMC

, (7.5)

where the aMC and bMC coefficients depend on both the Monte Carlo simulator and the

annihilation channel. When the SM particle is fixed, cosmological constraints obtained

by means of the total number of generated gamma photons might depend on the Monte

Carlo simulation. As in the previous analysis, in Table 7.2 we give the relations between

the total number of photons generated by PYTHIA 6.4, HERWIG and HERWIG++ with respect

to PYTHIA 8.
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Figure 7.11: Multiplicity of the four Monte Carlo generators for each annihilation
channel. W+W− annihilation channel (upper left panel): Regardless the DM mass
value, PYTHIA 6.4 provides the upper limit to the number of generated photons, while
HERWIG Fortran provides the lower limit with 23% difference between them; bb̄ annihi-
lation channel (upper right panel): At mDM ∼ 200 GeV, the multiplicity of the two
versions of PYTHIA is the same, as for the multiplicity of the HERWIG versions, but dif-
ferent between them. For that value of the mass, the relative deviation on multiplicity
between PYTHIA and HERWIG codes almost attains 100%; τ+τ− annihilation channel
(lower left panel): The maximum difference between the four simulations multiplicities
ranges between 20% at low energy up to 72% at higher energy; tt̄ annihilation channel
(lower right panel): Relative deviations run from 20% up to 30% depending on the

energy of the event.

Let us summarize the situation as follows:

• W+W− annihilation channel: Roughly speaking PYTHIA 6.4 generates one more

photon than PYTHIA 8 for each event, while HERWIG++ and HERWIG Fortran produce

3 and 5 photons less, respectively. Above ' 200 GeV, this fact introduces a

deviation on the multiplicity of ∼ 4% between PYTHIA 6.4 and PYTHIA 8, of ∼ 16%

between HERWIG and PYTHIA 8 and of ∼ 10% between HERWIG++ and PYTHIA 8.

Between PYTHIA 6.4 and HERWIG in Fortan and HERWIG++ the deviation is ∼ 23%

and ∼ 15% , respectively. Finally, the deviation between HERWIG and HERWIG++ is

∼ 6%. For kinematic reasons, no photons are produced at energies lower than the

mass of the W boson, that is the reason of the cut around ' 80 GeV.
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Software/PYTHIA 8 W+W− bb̄ τ+τ− tt̄

PYTHIA 6.4
AMC = 1.04 AMC = 1.18 AMC = 0.96 AMC = 1.49
BMC = 0 BMC = −0.033 BMC = 0.020 BMC = −0.077

HERWIG
AMC = 0.84 AMC = 1.13 AMC = 1.00 AMC = 1.02
BMC = 0 BMC = −0.068 BMC = −0.029 BMC = −0.038

HERWIG++
AMC = 0.90 AMC = 0.93 AMC = 0.96 AMC = 0.93
BMC = 0 BMC = −0.025 BMC = −0.039 BMC = −0.031

PYTHIA 8
aMC = 28.9 aMC = 7.62 aMC = 2.29 aMC = 14.1
bMC = 0.001 bMC = 0.331 bMC = 0.042 bMC = 0.276

Table 7.2: Relative behaviors in the total number of photons produced by PYTHIA 6.4,
HERWIG and HERWIG++ with respect to PYTHIA 8 in the range 15 GeV - 10 TeV. Here
AMC = aMCi/aPYTHIA 8 and BMC = bMCi − bPYTHIA 8. PYTHIA 8 multiplicity parameters

are listed at the end of the Table.

• bb̄ annihilation channel: At mDM ' 200 GeV, the deviation between the mul-

tiplicity of the two versions of PYTHIA is the less than 1%, as for at 100 GeV and

HERWIG versions, but different between them. At 150 GeV, the number of photons

produced by the Fortran versions of PYTHIA code is a 22% bigger than the HERWIG

one. For masses below ∼ 200 GeV the upper limit is given by PYTHIA 6.4 whereas

the lower one is provided by HERWIG++. At 10 TeV the deviation reach the maxi-

mum value of ∼ 13%, ∼ 40% and ∼ 26% between PYTHIA 6.4, HERWIG, HERWIG++

and PYTHIA 8, respectively. On the other hand, at mDM > 200 GeV PYTHIA 8

gives the upper limit and HERWIG Fortran the lower one.

• τ+τ− annihilation channel: The number of photons per event produced by the

four Monte Carlo generators is very similar for this channel, but very low. This

fact introduces a very important difference, that reach the maximum of ∼ 42%

at 10 TeV between PYTHIA 6.4 and HERWIG++. PYTHIA 6.4 gives here the upper

limit, followed by PYTHIA 8, HERWIG Fortran and HERWIG++. At lower energies the

difference between upper and lower limit is less than 20%, and increases up to 72%

at higher DM mass.

• tt̄ annihilation channel: As in the case of W+W− channel, no photons are

produced at energies lower than the mass of the top quark because of kinematic

reason. Always PYTHIA 8 gives here the upper limit, followed by PYTHIA 6.4,

HERWIG Fortran and HERWIG++. All the multiplicities depend on the DM mass in

a exponential way, but with different exponents. At lower energies the deviation

between upper and lower limits is about 20%, and around 30% for events at higher

energies.
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7.4 Conclusions

We have analyzed the gamma–ray spectra produced by four Monte Carlo event generator

codes, namely PYTHIA 6.4, PYTHIA 8, HERWIG Fortran and HERWIG++. These spectra have

been largely used in the framework of DM indirect searches and the differences between

them may affect the results for those investigations. Although gamma–ray spectra have

been generated for DM annihilating in all possible quark-antiquark, leptonic and bosons

channels, we chose to show a representative sample of them (bb̄ for the quark-antiquark

case, τ+τ− for the leptonic one and W+W− boson annihilation channels). We also

included the particular case of the tt̄ and studied it separately.

Around the energy of maximum flux, where the simulations are well fitted to LEP or

LHC data, the differences between packages are less than 20%. This statement is always

true in the range 0.01 < x < 0.2 with possible extension of the range depending on the

annihilation channel and the energy of the event (see the bulk of this communication

for further details). On the one hand, at lower energy the spectra appear very different

between them, depending strongly on the cut-off set for the minimal allowed energy in

the parton shower. On the other hand, differences also appear at higher energy. For all

the studied channels, the implementation absence of Bremsstrahlung radiation generated

by high-energy leptons in HERWIG++ leads to a smaller number of high-energy photons

when compared to the other codes. Moreover, in the case of the tt̄ annihilation channel,

there is an additional effect due to the fact that the top quark behavior phenomenology

has been improved in the codes released in the last years. Thus, whereas for PYTHIA

6.4 this channel was approximated through the decay into W and b, higher-order effects

have been included in the newest code generations. Due to the combination of these

two factors, we conclude that the most reliable Monte Carlo event generator code for

gamma–ray spectra is PYTHIA 8. For this reason we got estimations for the relative

deviations for PYTHIA 6.4, HERWIG Fortran and HERWIG++ with respect to PYTHIA 8.

We conclude that further implementation is needed in HERWIG++ in order to improve

its competitiveness in the gamma–ray sector. For the other three Monte Carlo event

generators under study in this work, the gamma–ray spectra simulated show also impor-

tant differences. Without taking into account very low energies, the relative deviations

can only be bounded by 50% for the hadronic (bb̄) and electro-weak channels (W+W−).

The situation for the tt̄ channel and the leptonic ones (τ+τ−) is even worse. At high

energies, the discrepancies can reach 100%. In fact, the photon fluxes predicted by the

different generators can differ in several orders of magnitude. On the other hand, the

situation for the total number of produced photons improves a little, and the maximum

difference is a factor 2 within the studied mass region.
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These significative differences can play an important role in misunderstanding DM sig-

natures. For example, in a DM study, once the astrophysical factor is obtained by fitting

the DM gamma–ray spectra, these discrepancies may introduce a deviation on the boost

factor proportional to the difference of the multiplicity. This effect can be easily es-

timated with the help of Eq. (7.5) and Table 7.2. However, we have shown that the

simulated spectral shapes can be very different and this fact may have a large impact

in the analysis.



7- Monte Carlo Event Generator Uncertainties 114



Chapter 8

Conclusions

As discussed so far, cosmology and particle physics lie at the basis of our fundamental

understanding of the Universe as a whole. Nevertheless, most of the contents of the Uni-

verse remain still unknown; the 69.2% of the total mass-energy content is made of dark

energy and the 26.8% is DM. So far, DM manifests itself only by gravitational effects.

Although some alternative theories of gravity have been proposed, the most widely ac-

cepted explanation for these phenomena is that DM exists and that it is composed of

WIMPs. Many DM candidates have been proposed beyond the SM, such as a supersym-

metric and Kaluza-Klein particles and branons. They include a large amount of thermal

candidates, but also no-thermal or self-interacting models (Chapter 1). Particle accel-

erators such as the LHC and underground experiments as DAMA, CDMS/superCDMS,

ZEPLIN, XENON and LUX among others, have been developed in the context of direct

search, where DM is expected to interact with atomic nuclei at the Earth. However,

the most searches in colliders and underground experiments have been focused so far on

energy scales below 1 TeV, while the cosmological thermal limit on DM masses is around

100 TeV. For the indirect search, many ground-based Cherenkov experiments as HESS,

HAWC, and the future CTA among the others, are involved in DM searches, as well as

neutrino experiments as ANTARES, IceCube or future KM3NeT and satellite detectors

as AMS, FERMI-LAT and PAMELA. Indirect experiments detect secondary cosmic-ray

fluxes generated by DM annihilation or decay into SM particles in astrophysical sources.

While direct detection experiments are able to set stringent constraints only on low-

mass WIMPs, high energy scales are investigated by indirect searches (Chapter 2). At

present, searches for DM have not yet yielded to a clear discovery.

In this thesis, we have shown that TeVDM particles with masses appear as a candidate

to explain HESS J1745-290 gamma-ray signals from the GC. Previous studies analyzed

the same source in the context of DM model dependent fit, concluding that the data

were not compatible with Kaluza-Klein or minimal supersymmetric DM candidates. In
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contrast, the new analysis developed in this thesis is model independent. It is also

consistent with gamma-ray data from the same region, published by the FERMI-LAT

collaboration. Such data can be explained as a background component in gamma-rays

that modify the HESS J1745-290 cut-off at 30 TeV as a power-law component at energies

around 100 GeV. The analysis shows good agreement with DM annihilation or decay

into uū, dd̄, ss̄ and tt̄ quark-antiquark channels and W+W− and ZZ boson channels for

DM masses between 10 − 100 TeV. Leptonic and other quark-antiquark channels were

excluded with 95.4% confidence level (Chapter 3).

Branons represent a good TeVDM candidate. At these high energies, branons annihi-

late mostly in boson channels. A branon DM with mass mDM ' 50.6 TeV, provides

an excellent fit to HESS GC data. The corresponding background being compatible

with FERMI-LAT data. The compatibility of its thermal abundance with the WMAP

constraints, demands a cross section of 〈σv〉 = (1.14±0.19)·10−26 cm3s−1, what is equiv-

alent to a brane tension of f ' 27.5 TeV. Such a value of the annihilation cross section

is the expected one for a thermally produced candidate. In order to better investigate

the hypothesis of branon candidate for DM, we have set constraints on the sensitivity of

several gamma-ray detectors to branon DM annihilating in dSph galaxies and in the GC.

In particular, we found that the next generation of Cherenkov telescopes with increased

effective areas and angular resolution could detect or set additional constraints on this

type of DM. On the other hand, satellite telescopes are able to set less stringent limits

on such high energies. The sensitivity was constrained independently of enhancements

related to the presence of substructures or non-thermal particles (Chapter 4).

In the GC, a particulary high value for the astrophysical factor is needed in order to

fit the HESS data. In fact, the emission region of the HESS gamma-ray source is quite

compact since the signal is limited to a region of few tenths of degree. This feature is not

consistent with dark halos simulated with non-baryonic cold DM, such as the standard

NFW profile, and could also address to a kind of local enhancement or substructure. It

needs to be more compact as the ones produced when baryonic effects are taken into

account. It has been argued that the baryonic gas falls to the inner part of the halo,

modifying the gravitational potential and increasing the DM density in the center. This

scenario is not completely accepted, but if it is correct, it has two important conse-

quences. First, the sensitivity of indirect DM searches is reduced to a more compressed

region; and second, the DM annihilating fluxes are enhanced by up to three orders of

magnitude with respect to the standard NFW profile. The HESS observations are in

good agreement with these types of compressed dark halos.

When the DM mass and astrophysical factor are fixed by the gamma-ray fit, the anal-

ysis of several other cosmic-ray fluxes can verify or reject such DM hypothesis. The

study of the expected production of neutrinos from such a kind of enhanced TeVDM

clump at the GC shows that in order to be sensitive to this model, neutrino detectors
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such as ANTARES or IceCube need improved effective areas and angular resolution

with respect to present observational conditions. In particular, we have done an explicit

analysis for 48.8 TeV DM annihilating in W+W− and 27.9 TeV DM annihilating into

uū channel. In these cases, the neutrino fluxes are completely determined by assuming

that the DM region is localized as it is imposed by the gamma-ray analysis. We have es-

timated the best combinations of energy cuts, observation times and angular resolutions

of a general high energy neutrino telescope. For this purpose, we have used the IceCube

atmospheric neutrino observations as background. We have also compared our results

with the recent observation of 37 high energy neutrinos over the range 30 TeV − 1 PeV

at 4.1σ of confidence level, and texp = 662 days (' 1.8 years). Of these events, 5 are

likely originated from the GC. These neutrinos seem to have an astrophysical origin,

but the spectrum and direction are not compatible with the signal studied in this work

(the angular resolution in the muon track events is of θ ≈ 8◦). In fact, we have found

that for DM annihilating into the W+W− boson channel, we need a resolution angle

0.18◦ <∼ θ <∼ 0.72◦ and low energy cut-off 818 GeV <∼ Eνmin
<∼ 1811 GeV to get a signal

between 5σ and 2σ with a minimum of 2 years of exposition time and a maximum of

five years for a 50 m2 of detector effective area. The mass associated with light quark

channels, such as the uū annihilation, is significantly smaller. It implies that the neu-

trino flux produced in this case is less energetic, and more difficult to discriminate from

the background (Chapter 5).

Finally, we have studied the antiproton propagation function for a point-like source at

the GC. In general, this function depends on both the morphology of the source and

its spectra. We have analyzed the flux at the TOA for three emission spectra, namely

a power law flux, monochromatic emission, or to annihilating or decaying DM. These

analyses may be associated to a large variety of astrophysical sources. We have com-

pared such flux with the present PAMELA antiproton data. In the case of the DM,

there are two reasons for the analysis of the point-like emission. On the one hand, as

discussed before, DM can be compacted around a very localized region in the center of

our galaxy for different processes, as the baryonic compression or black hole effects. On

the other hand, numerical computations of the diffusion equation present a singularity at

the GC, because of the central behaviour of DM halos density profiles. This divergence

needs to be regularized. For that, we consider its contribution separately as a point-like

source. In any case, the contribution from the local continuous NFW DM halo profile

is expected to be important and the interplay between both contributions gives a rich

phenomenology (Chapter 6).

To conclude, we have discussed the uncertainty related to Monte Carlo simulations in

indirect searches of DM. In order to search for a DM signal in cosmic-ray fluxes, the sec-

ondary fluxes are simulated by means of Monte Carlo event generator codes. Although

in principle we would expect a good agreement between different Monte Carlo codes



- Conclusions 118

at intermediate energies, and a larger difference at lower and higher energy scales, in

practice, after analyzing the gamma-ray spectra we found important differences in the

whole energy range. As an example, we have studied PYTHIA 6.4, PYTHIA 8, HERWIG For-

tran and HERWIG++. On the one hand, at lower energy the spectra appear very different

between them, depending strongly on the cut-off set for the minimal allowed energy in

the parton shower. On the other hand, differences also appear at higher energy. For

all the studied channels, the absence of the implementation of Bremsstrahlung radiation

generated by high-energy leptons in HERWIG++ leads to a smaller number of high-energy

photons when compared to the other codes. Moreover, in the case of the tt̄ annihilation

channel, there is an additional effect due to the fact that the top quark behavior phe-

nomenology has been improved in the codes released in the last years. These differences

may introduce a deviation on the estimation of the boost factor proportional to the

difference on the multiplicity (Chapter 7).

Keeping in mind the conclusion of this thesis, we would introduce some prospectives

for next investigations. The study of the HESS data in gamma-rays gives good fits for

annihilation of DM into boson channels and some quark-antiquark channel too, with

mass above 10 TeV scale. Viable WIMP models require appropriate masses and pair

annihilation/creation cross section to produce the observed DM thermal relic density. If

DM is thermal, the enhancement needed at the GC to fit the HESS data has to be justi-

fied and related with the DM density distribution in the region. If the DM particle is not

thermal, different values for the annihilation cross section are allowed and the enhance-

ment should be model dependent. So far, the complementary study between particle

accelerator and direct and indirect searches have been performed for low mass DM par-

ticles, due mainly to experimental limits. The better sensibility of the next generation

of direct search experiments at TeV scale such as LUX, DARWIN or XENON, may give

important results. An additional aim may be to extend the phenomenological study in

the context of indirect searches, for example with next HAWC and CTA experiments

that will yield new data above the TeV scale in the next years. Moreover, electromag-

netic radiation of different wavelengths is emitted by DM through different physical

mechanisms, such as inverse Compton scattering or synchrotron emission, depending on

the DM properties. Cross-correlation between different signals (radio-gamma, radio-X

and X-gamma) in the anisotropic sky or between a multi-wavelength DM signal with

specific gravitational tracers could also provides an alternative way to determine the

nature of TeVDM.



Appendix A

Fitting Function Parameters

In the following tables, we show explicitly the parameters used in the fitting functions.

The precision associated with them are better than 10%. An extrapolation of PYTHIA

results is necessary for high energies. This fact is justified since the mass dependence

of the fitting parameters reaches an asymptotic behavior for energies higher than 1 TeV

depending on the particular channel and parameter (read [38] for further details).

Parameter Fitting power law(s)

p1 4530m0.653
DM

q1 0.00230m−0.911
DM + 0.00291m0.0348

DM

l1 0.626m−0.0300
DM + 16.4m−1.34

DM

Table A.1: Mass dependent parameters for the fitting function of the photon spectrum
coming from the µ+µ− channel.
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Parameter Fitting power law

n1 −7.00m−1.99
DM + 179m−0.763

DM + 9.09

p1 3.07m1.55
DM

Channel a1 b1 b2 n2 c1 d1 c2 d2 q1

τ 14.7 5.40 5.31 1.40 2.54 0.295 0.373 0.470 0.00260

Table A.2: Mass dependent and independent parameters for the τ+τ− channel fitting
function.

Parameter Fitting power law

b1 2.96m0.0506
DM

n1 2.91m−0.351
DM + 1.90m0.0172

DM

n2 0.0587m0.146
DM + 0.848m−0.145

DM

d1 0.317m−0.0300
DM + 0.403m−0.351

DM

p1 4.74m0.839
DM

Channel a1 b2 c1 c2 q1

uū 5.58 5.50 0.315 0.0 9.30 · 10−4

Table A.3: Parameters for the uū channel fitting function.
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Parameter Fitting power law

b1 3.39m0.0485
DM

n1 21.8m−0.993
DM + 2.25m−0.00113

DM

n2 0.848m−0219
DM + 0.161m0.0573

DM

c1 0.722m−0.270
DM + 0.0544m0.0874

DM

p1 0.168m1.29
DM

Channel a1 b2 d1 c2 q1

dd̄ 5.20 5.10 0.410 0.0260 1.40 · 10−4

Table A.4: The analogous set of parameters shown in Tab. A.3 but for the dd̄ channel.

Parameter Fitting power law

b1 4.54m0.0339
DM

n2 3.68m−1.01
DM + 0.744m−0.0352

DM

d1 0.621m−0.674
DM + 0.414m−0.0588

DM

p1 12.8m0.732
DM

Channel a1 n1 b2 c1 q1

ss̄ 4.83 2.03 6.50 0.335 2.40 · 10−4

Table A.5: Parameters for the fitting function of the photon spectrum coming from
DM annihilation in ss̄ channel.
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Parameter Fitting power law

b1 9.90m−0.130
DM

n1 4.14m−0.148
DM

c1 0.210m0.0951
DM

d1 1.50m−0.632
DM + 0.479m−0.0942

DM

p1 8.11m0.812
DM

Channel a1 b2 n2 c2 q1

cc̄ 5.58 7.90 0.686 0.0 9.00 · 10−4

Table A.6: The same as in Tab. A.3 for the cc̄ channel.

Parameter Fitting power law

b1 152m−0.462
DM

n1 18.7m−0.248
DM

n2 0.707m−0.0129
DM

c1 0.328m0.0447
DM

d1 0.449m−0.0552
DM

p1 11.8m0.641
DM

Channel a1 b2 c2 d2 q1

bb̄ 10.0 11.0 0.0151 0.550 2.60 · 10−4

Table A.7: Parameters for the bb̄ channel fitting function.
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Parameter Fitting power law(s)

b1 16.4m−0.0400
DM

n1 0.559m−0.0379
DM

c2 8910m−3.23
DM

p1 5.78 · 10−5m1.89
DM

q1 0.133m0.488
DM

l1 21.9m−0.302
DM

Channel a1 c1 d1 d2

tt̄ 290 1.61 0.19 0.845

Table A.8: Mass depend and independent parameter of the fitting function given by
Eq. (3.10) for the tt̄ channel.

Channel a1 n1 q1

W 25.8 0.510 3.00

Z 25.8 0.5 3.87

Channel b1 c1 d1

W+W− 9.29m−0.0139
DM 0.743m0.0331

DM 0.265m−0.0137
DM

ZZ 9.36m−0.00710
DM 0.765m0.00980

DM 0.272m−0.00990
DM

Channel p1 j1

W+W− 105m−1.13
DM + 285m0.0794

DM 0.943m0.00852
DM

ZZ 85505m−0.166
DM + 0.476m0.984

DM 0.884m0.0175
DM

Table A.9: Parameters for the fitting functions of the electroweak gauge bosons chan-
nels.
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