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Abstract

Although the Standard Model (SM) of particle physics gives an overall excellent description of the observations, a few results, mainly obtained by the LHCb detector at CERN, point towards deviations in the transitions from quark b to quarks s and c. If confirmed, these anomalies would give a clear signal of physics beyond the SM, as they violate lepton flavour universality (LFU). In this context, new measurements and their theoretical predictions are crucial to define possible new physics scenarios. This thesis concerns both aspects and is therefore divided into two parts. The first one is devoted to theoretical considerations on the b to s transition as well as models explaining the anomalies. The second part presents a new measurement, namely the search for the decays of B 0 s mesons to two muons and a photon at LHCb.

Radiative leptonic decays are promising to test the SM because the additional photon not only enlarges the branching ratio by lifting the chiral suppression factor, but also offers a sensitivity to other operators. Using the language of effective field theory (EFT), the decay of the B 0 s meson into two leptons and a photon is studied and new methods to reduce the theoretical uncertainty on its branching ratio are proposed. Besides, the behaviour of this decay at large dilepton mass gives the possibility of an indirect measurement where the total branching ratio is measured as a background of the corresponding non-radiative channel. Furthermore, if the violation LFU is experimentally confirmed, one also expects violation of lepton flavour. Measuring such violation, which would be an undeniable sign of new physics, is yet very challenging. Radiative decays can however support this search by offering additional channels with potentially larger branching ratios.

The interpretation of the B anomalies in term of shifts in the EFT coefficients put a few scenarios forward. These scenarios can then be interpreted in term of new physics models. One such model is based on the consideration of an additional symmetry group acting horizontally between the SM generations. This model is severely constrained by low energy observables, such as meson mixings and leptonic decays, but allowing for a mass degeneracy between the new group's bosons explains all b → s anomalies while passing other experimental constraints. The absence of new physics in low energy observables can also be interpreted as the presence of leptoquarks, for which the interaction between two quark-or two lepton-currents only arises at the one loop level. A model based on a vector leptoquark can for example give an explanation to both b → s and b → c anomalies. Interestingly, ultraviolet completions of these models contain natural Dark Matter candidates, hence relating two outstanding problems of particle physics.

The analysis presented in the second part is particularly challenging because the probed decay is both very rare and radiative. The main difficulty lies in the presence of a large combinatorial background due to light meson decays. Tackling it while keeping a high efficiency on the signal selection requires the use of two successive multivariate analyses. The signal is then normalised to a similar decay of the B 0 s where no new physics is expected. Measuring a ratio of yields instead of an unique branching ratio allows for a partial cancellation of experimental uncertainties. On the other hand, this procedure requires a good knowledge of each selection step efficiencies for the two channels. These efficiencies are extracted from Monte-Carlo simulations or, when possible, directly from the data. Even if no significant excess is found, this analysis will allow to set the first limit on the total branching ratio.

Résumé

Bien que le Modèle Standard (SM) de la physique des particules permette une excellente description des observations, quelques résultats, principalement obtenus par le détecteur LHCb du CERN, montrent des signes de déviations dans les transitions du quark b aux quarks s et c. Si ces anomalies sont confirmées, elles donneront un signal clair de physique au-delà du SM car elles violent l'universalité de la saveur leptonique. Dans ce contexte, de nouvelles mesures et leurs prédictions théoriques sont cruciales pour définir de potentiels scénarios de nouvelle physique (NP). Cette thèse s'intéresse à tous ces aspects et est divisée en deux parties. La première propose des considérations théoriques sur la transition b → s ainsi que des modèles expliquant les anomalies. La seconde partie présente une nouvelle mesure, la recherche de désintégrations de mésons B 0 s en deux muons et un photon à LHCb. Les désintégrations leptoniques radiatives sont particulièrement prometteuses pour tester le SM, car l'ajout du photon n'entraîne pas seulement un agrandissement du rapport de branchement (BR), mais offre aussi une sensibilité à de nouveaux opérateurs. La désintégration du B 0 s en deux leptons et un photon est alors étudiée en utilisant une théorie effective des champs, et de nouvelles méthodes permettant de réduire l'incertitude théorique sur son BR sont proposées. Le comportement de cette désintégration lorsque la masse du dilepton est grande donne par ailleurs la possibilité de réaliser une mesure indirecte, où le BR est mesuré comme bruit de fond de son équivalent non-radiatif. En outre, si la violation de l'universalité leptonique est confirmée, on s'attend aussi à une violation de la saveur leptonique. La mesure de cette dernière, signe indéniable de NP, est néanmoins très difficile. Les désintégrations radiatives permettent cependant de simplifier cette recherche en offrant des canaux supplémentaires.

L'interprétation des anomalies en termes de modification des coefficients de la théorie effective met en avant quelques scénarios. Ceux-ci peuvent alors être interprétés en terme de modèles de NP. L'un d'eux se base sur un nouveau groupe de symétrie qui agit horizontalement entre les générations du SM. Ce modèle est fortement contraint par des observables de basse énergie, mais attribuer différentes masses aux bosons du nouveau groupe permet d'expliquer les anomalies b → s tout en satisfaisant les contraintes expérimentales. L'absence de NP dans les observables de basse énergie peut en outre suggérer la présence de leptoquarks, pour lesquels l'interaction entre deux courants de quarks ou de leptons n'arrive qu'à une boucle. Un modèle basé sur un leptoquark vecteur explique par exemple à la fois les anomalies b → s et b → c. Il est intéressant de noter que les complétions ultraviolettes de ces différents modèles contiennent des candidats pour la Matière Noire, reliant ainsi deux problèmes prépondérants de la physique des particules.

L'analyse présentée dans la seconde partie est rendue particulièrement difficile par la rareté et le caractère radiatif de la désintégration étudiée. La difficulté principale réside dans la présence d'un important bruit de fond combinatoire dû à la désintégration de mésons légers. Le prendre en compte tout en gardant une grande efficacité sur la sélection du signal nécessite d'utiliser deux analyses multivariées successives. Le signal est alors normalisé à une désintégration similaire du B 0 s où aucune NP est attendue. Mesurer le rapport des efficacités au lieu d'un unique BR permet une suppression partielle des incertitudes expérimentales. En revanche, cette procédure nécessite une bonne connaissance des efficacités de chaque étape de la sélection. Celles-ci sont extraites de simulation Monte-Carlo ou, quand c'est possible, directement des données. Même si aucun excès significatif n'est observé, cette analyse permettra d'établir la première limite sur le BR total. 

II Radiative leptonic decays at LHCb -Experimental measurement

Introduction

The Standard Model (SM) of particle physics was built upon a dialogue between theorists and experimentalists. Some results, sometimes unexpected, were obtained in experimental measurements and required an improvement of the theory. This has been the case for instance in the 1950s and 1960s, when particle colliders found a zoo of new hadron states. The classification of these states, the so-called "eightfold way" [START_REF] Gell-Mann | The Eightfold Way: A Theory of strong interaction symmetry[END_REF][START_REF] Ne'eman | Derivation of strong interactions from a gauge invariance[END_REF], leads to the development of the quark model and paved the way to the current description of quantum chromodynamics (QCD) [START_REF] Zweig | An SU(3) model for strong interaction symmetry and its breaking[END_REF][START_REF] Zweig | An SU(3) model for strong interaction symmetry and its breaking[END_REF][START_REF] Gell-Mann | A Schematic Model of Baryons and Mesons[END_REF].

Inversely, some theoretical constructions have motivated dedicated experimental searches. The most recent example is the discovery of the Higgs boson by the ATLAS and CMS collaborations [START_REF] Chatrchyan | Observation of a New Boson at a Mass of 125 GeV with the CMS Experiment at the LHC[END_REF][START_REF] Aad | Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC[END_REF], as predicted by the Higgs mechanism responsible for electroweak symmetry breaking (EWSB) in the SM [START_REF] Anderson | Plasmons, Gauge Invariance, and Mass[END_REF][START_REF] Englert | Broken Symmetry and the Mass of Gauge Vector Mesons[END_REF][START_REF] Higgs | Broken symmetries, massless particles and gauge fields[END_REF][START_REF] Higgs | Broken Symmetries and the Masses of Gauge Bosons[END_REF][START_REF] Guralnik | Global Conservation Laws and Massless Particles[END_REF]. Although this discovery completed the construction of the SM, the dialogue between theorists and experimentalists still occurs. Indeed, although remarkable for the precision of its predictions, the SM is known to be incomplete. Among the questions left open by the SM, some are particularly interesting in the context of this thesis.

One of the clearest evidences of physics beyond the Standard Model (BSM), comes from the observation of neutrinos. It is now well-established, from the study of different sources of these particles that they are massive and mix among flavour. Their behaviour was deciphered by several experiments that probed atmospheric neutrinos [START_REF] Hirata | Experimental Study of the Atmospheric Neutrino Flux[END_REF][START_REF] Becker-Szendy | The Electron-neutrino and muon-neutrino content of the atmospheric flux[END_REF][START_REF] Fukuda | Atmospheric muon-neutrino / electron-neutrino ratio in the multiGeV energy range[END_REF][START_REF] Allison | Measurement of the atmospheric neutrino flavor composition in Soudan-2[END_REF][START_REF] Fukuda | Evidence for oscillation of atmospheric neutrinos[END_REF][START_REF] Abe | A Measurement of atmospheric neutrino flux consistent with tau neutrino appearance[END_REF], solar neutrinos [START_REF] Fukuda | Solar neutrino data covering solar cycle 22[END_REF][START_REF] Cleveland | Measurement of the solar electron neutrino flux with the Homestake chlorine detector[END_REF][START_REF] Abdurashitov | Measurement of the solar neutrino capture rate with gallium metal[END_REF][START_REF] Altmann | GNO solar neutrino observations: Results for GNO I[END_REF][START_REF] Ahmad | Measurement of the rate of ν e + d → p + p + einteractions produced by 8 B solar neutrinos at the Sudbury Neutrino Observatory[END_REF][START_REF] Gavrin | Solar neutrino results from SAGE[END_REF][START_REF] Ahmed | Measurement of the total active B-8 solar neutrino flux at the Sudbury Neutrino Observatory with enhanced neutral current sensitivity[END_REF][START_REF] Cravens | Solar neutrino measurements in Super-Kamiokande-II[END_REF][START_REF] Bellini | Measurement of the solar 8B neutrino rate with a liquid scintillator target and 3 MeV energy threshold in the Borexino detector[END_REF] and also neutrinos in the vicinity of nuclear reactors [START_REF] Eguchi | First results from KamLAND: Evidence for reactor anti-neutrino disappearance[END_REF][START_REF] Abe | Indication of Reactor νe Disappearance in the Double Chooz Experiment[END_REF][START_REF] Daya Bay Collaboration | Recent results of Daya Bay reactor neutrino experiment[END_REF][START_REF] Ahn | Observation of Reactor Electron Antineutrino Disappearance in the RENO Experiment[END_REF] and beams of neutrinos coming from particle accelators [START_REF] Ahn | Detection of accelerator produced neutrinos at a distance of 250-km[END_REF][START_REF] Michael | Observation of muon neutrino disappearance with the MINOS detectors and the NuMI neutrino beam[END_REF][START_REF] Abe | Indication of Electron Neutrino Appearance from an Accelerator-produced Off-axis Muon Neutrino Beam[END_REF]. In the SM however, a coupling between neutrinos and the Higgs boson would require the presence of right-handed neutrinos that are singlet under the SM gauge group and therefore absent by construction. Several extensions of the SM offers mechanisms to generate neutrino masses, but the smallness of these masses (m 1 eV [START_REF] Otten | Neutrino mass limit from tritium beta decay[END_REF]) usually requires the introduction of new physics (NP) at scales well beyond the reach of current experiments.

The discovery of neutrino masses propelled them, for a time, as potential candidates for Dark Matter (DM). The concept of DM was introduced to explain several cosmological observations. The main evidences of its existence come from the study of galactic rotation curves, gravitational lensing and large structures in the observable universe (see [START_REF] Bertone | History of dark matter[END_REF] for a review) 2 . DM triggered a lot of experimental and theoretical attentions both in astrophysics and particle physics. As far as Introduction neutrino are concerned, it appears that their small masses are hardly compatible with the scenarios of large structures formations [START_REF] Del Popolo | Dark matter and structure formation a review[END_REF]. As no other particle of the SM can be candidate for DM, the existence of the latter is a second strong hint of physics beyond the SM.

In addition to these arguments, NP is expected to arise at least at the Planck scale M Pl ≈ 10 19 GeV, where gravitational effects cannot be neglected. The SM can therefore be considered as an effective theory, valid up to a yet unknown scale Λ. The introduction of this scale however entails a problem of naturalness known as hierarchy problem. Indeed the Higgs boson provides a mass to most of the SM particles, which in turn contribute to its mass via quantum corrections. In practice, the Higgs mass m h is related to its bare mass m and the cutoff Λ by the relation [START_REF] Susskind | Dynamics of Spontaneous Symmetry Breaking in the Weinberg-Salam Theory[END_REF][START_REF] Giudice | Naturally Speaking: The Naturalness Criterion and Physics at the LHC[END_REF]:

m 2 h = m 2 + κΛ 2 , ( 1 
)
where κ ∼ 10 -2 is a dimensionless constant [START_REF] Susskind | Dynamics of Spontaneous Symmetry Breaking in the Weinberg-Salam Theory[END_REF]. The ratio m 2 /Λ 2 is a dimensionless parameter of the ultraviolet (UV) completion of the SM above the scale Λ.

Using the mass of what we consider to be the Higgs boson m h = 125 GeV [START_REF] Zyla | Review of Particle Physics[END_REF] and the scale Λ = M Pl , we find

m 2 Λ 2 = -κ 1 - m 2 h κΛ 2 = -κ 1 -10 -32 . ( 2 
)
This means that in order to recover the correct Higgs mass, this ratio has to be tuned to the 32nd decimal. This extreme tuning of the UV theory seems completely unnatural and points towards NP around the TeV scale.

The Higgs mechanism and the arguments in favour of NP at the TeV scale motivated the construction of the Large Hadron Collider (LHC). So far however, the direct searches of BSM particles carried out by the LHC experiments have only be able to raise excluded NP for energies 1 TeV.

Indirect searches

One well known example of the interplay between theory and experiment is the prediction of the charm quark via the Glashow-Iliopolus-Maiani (GIM)-mechanism [START_REF] Glashow | Weak Interactions with Lepton-Hadron Symmetry[END_REF] (1970) (see also [START_REF] Maiani | The GIM Mechanism: origin, predictions and recent uses[END_REF] for a review). The problem at that time was that a Fermi theory based on the three quarks u, d and s, used to describe hadronic processes, was noticeably incomplete. In particular, the calculation of amplitudes with two exchanged weak bosons, e.g. for K L → µ + µ -decays or for the K 0 -K0 mixing, revealed the presence of quadratic divergences. Regulating these divergences required an energy cutoff Λ that, due to the stringent experimental limits on K 0 -K0 mixing, had to be as low as 3 GeV. Adding a fourth quark, coupled to a combination of the d and s quarks, implies that each contribution of the u quark is compensated by a similar contribution, but opposite in sign. The charm quark Introduction not only allowed to reconcile theory predictions and experimental limits by replacing the cutoff Λ by the mass difference m 2 c -m 2 u , but it also paved the way for the identification of the SU (2) L structure of weak interactions. In return, the GIM-mechanism predicts a scale for the charm mass, influencing the experimental strategy towards the discovery of the J/ψ particle in 1974 [START_REF] Aubert | Experimental Observation of a Heavy Particle J[END_REF][START_REF] Augustin | Discovery of a Narrow Resonance in e + e -Annihilation[END_REF].

More generally, indirect searches offers an efficient surrogate to direct searches. Loop corrections to suitable processes allow to probe new scales often higher by several orders of magnitude with respect to those attainable by direct searches -at the price of a higher model dependence. Indirect searches have therefore been used extensively for the search of physics beyond the SM, especially in flavour physics. For instance, the very good agreement between SM predictions and experimental measurements of K 0 -K0 mixing parameters pushes the limit on the NP scale to around 10 8 GeV if one assumes flavour-universal NP couplings of order one [START_REF] Bona | Model-independent constraints on ∆F = 2 operators and the scale of new physics[END_REF].

Flavour Changing Neutral Currents

Among the indirect processes that can be probed at the LHC, those driven by flavour changing neutral currents (FCNC), such as b → s, b → d or t → c, are particularly interesting thanks to their suppressed amplitude in the SM. Indeed, the only part of the SM Lagrangian that induces a change of flavour is the coupling between a charged fermion current and a W ± boson

L cc = - g √ 2 V ij Qi σ + γ µ Q j W + µ + h.c. , (3) 
where σ ± = (σ 1 ±iσ 2 )/2 is a combination of Pauli matrices, g is the weak coupling constant and V is the Cabibbo-Kobayashi-Maskawa (CKM) matrix that translates the misalignment between the up-quark and down-quark mass eigenstates. Making the quark flavours explicit, this unitary matrix reads

V =    V ud V us V ub V cd V cs V cb V td V ts V tb    . ( 4 
)
The amplitudes of each entry can be apprehended using the Wolfenstein parametrization [START_REF] Wolfenstein | Parametrization of the Kobayashi-Maskawa Matrix[END_REF], that we will use in the following

V =    1 -λ 2 /2 λ Aλ 3 (ρ -iη) -λ 1 -λ 2 /2 Aλ 2 Aλ 3 (1 -ρ -iη) -Aλ 2 1    + O(λ 4 ) , ( 5 
)
where the last fit to data yields [START_REF] Charles | Current status of the Standard Model CKM fit and constraints on ∆F = 2 new physics[END_REF] λ = 0.224837 +0.000251 -0.000060 , A = 0.8235 +0.0056 -0.0145 , ρ = 0.1569 +0.0102 -0.0061 , η = 0.3499 +0.0079 -0.0065 .

(6)
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A FCNC can however be obtained by a loop process where a W boson couples twice to a quark line. With b → s for instance, the amplitude would read

A(b → s) = V * ts V tb F ( m2 t ) + V * cs V cb F ( m2 t ) + V * us V ub F ( m2 t ) , (7) 
where F are loop functions that depends on the mass ratio mq = m q /m W . Defining λ i = V * is V ib , the unitarity of the CKM matrix implies λ c = -λ t -λ u . We therefore have

A(b → s) = λ t F ( m2 t ) -F ( m2 c ) + λ u F ( m2 u ) -F ( m2 c ) . ( 8 
)
This amplitude presents several suppressions. First of all, F are loop functions with two couplings to the W and will in general carry a loop factor (g /4π) 2 . Second, the amplitude is suppressed by a product of CKM factors. In the case of a b → s transition, one has using eq. ( 6)

|λ t | = Aλ 2 + O(λ 4 ) ≈ 4 × 10 -2 , |λ u | = Aλ 4 |ρ -iη| + O(λ 4 ) ≈ 8 × 10 -4 . ( 9 
)
Finally, one recovers the GIM mechanism already described, in the fact that this amplitude go to zero for degenerate quark masses. In practice, the corresponding suppression is small for the first term of the right-hand side of eq.( 8), but it is much larger for the second term which is further suppressed by the mass difference m2 u -m2 c ∼ 3 × 10 -4 . The second term can therefore be neglected for observables not sensitive to the CKM phase.

These suppressions make the experimental measurements of these decays much harder, but are on the other hand very interesting for testing the SM. Indeed, in a SM-suppressed amplitude, a putative BSM contribution can compete with the SM one while it would be negligible in unsuppressed processes. The b → s{ , γ, g} decays are therefore denoted as rare decays with branching ratios that range from e.g. 10 -4 for B(B 0 s → Xγ) down to 10 -9 for B(B 0 s → µ + µ -). These transitions have therefore been scrutinized by several experiments.

B-anomalies at the end of Run II

B-anomalies currently refer to a group of measurements of b → s and b → c transitions, initially performed by LHCb and Belle, and that shows less than perfect agreement with SM. While each of these measurements could be a first sign of NP, statistical fluctuations or underestimated theoretical uncertainties cannot be excluded for the moment. The experimental situation can be described by the following categories that involve different experimental and theoretical challenges.
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where the first uncertainty is statistical and the second systematic and q 2 is the squared invariant mass of the dilepton. The SM predicts unity within a few percent [START_REF] Isidori | QED Corrections in B → K +at the Double-Differential Level[END_REF][START_REF] Bordone | On the Standard Model predictions for R K and R K *[END_REF] which implies a tension between theory and experiment at the level of 2.6σ. The update of the experimental value, including part of LHCb Run II, reads R K = 0.846 +0.060 -0.054 +0.016 -0.014 [START_REF] Aaij | Search for lepton-universality violation in B + → K + +decays[END_REF]. The mean value is closer to the SM prediction than Run I result, but the reduced experimental uncertainties imply a comparable tension (2.5σ) to the situation before the update.

Furthermore, a similar measurement was performed by LHCb with a different final state [START_REF] Aaij | Test of lepton universality with B 0 → K * 0 +decays[END_REF] R K * = B(B → K * µµ) B(B → K * ee) = 0.66 +0.11 -0.07 ± 0.03 , for 0.045 GeV 2 < q 2 < 1.1 GeV 2 , 0.69 +0.11 -0.07 ± 0.05 , for 1.1 GeV 2 < q 2 < 6 GeV 2 , (11) again in tension with the SM predictions (R SM K * approximately unity) by ∼ 2.5σ in both q 2 bins. This measurement was also performed by Belle at low and high q 2 by averaging over B ± and B 0 decays [START_REF] Abdesselam | Test of lepton flavor universality in B → K * +decays at Belle[END_REF] R K * = B(B → K * µµ) B(B → K * ee) = 0.90 +0.27 -0.21 ± 0.10 , for 0.1 GeV 2 < q 2 < 8 GeV 2 , 1.18 +0. 52 -0.32 ± 0.10 , for 15 GeV 2 < q 2 < 19 GeV 2 .

(12) Given their sizable uncertainties, these values are compatible with both the SM predictions and previous results on R K * from LHCb [START_REF] Aaij | Test of lepton universality with B 0 → K * 0 +decays[END_REF].

Branching ratio suppression in b → sµµ transitions Despite the fact that handling electrons is far more complex than handling muons in a hadronic collider, the departure from SM in eq. ( 10) is rather due to the latter. Indeed, the muonchannel measurement, expected to be experimentally more solid, yields [START_REF] Aaij | Differential branching fraction and angular analysis of the B + → K + µ + µdecay[END_REF][START_REF] Aaij | Differential branching fractions and isospin asymmetries of B → K ( * ) µ + µdecays[END_REF] B(B + → K + µ + µ -) [START_REF] Gell-Mann | The Eightfold Way: A Theory of strong interaction symmetry[END_REF][START_REF] Chatrchyan | Observation of a New Boson at a Mass of 125 GeV with the CMS Experiment at the LHC[END_REF] = (1.19 ± 0.03 ± 0.06) × 10 -7 , [START_REF] Hirata | Experimental Study of the Atmospheric Neutrino Flux[END_REF] which is about 30% lower than the SM prediction, B(B + → K + µ + µ -) SM [START_REF] Gell-Mann | The Eightfold Way: A Theory of strong interaction symmetry[END_REF][START_REF] Chatrchyan | Observation of a New Boson at a Mass of 125 GeV with the CMS Experiment at the LHC[END_REF] = (1.75 +0. 60 -0.29 ) × 10 -7 [START_REF] Bobeth | More Benefits of Semileptonic Rare B Decays at Low Recoil: CP Violation[END_REF][START_REF] Bobeth | The Decay B → K +at Low Hadronic Recoil and Model-Independent ∆B = 1 Constraints[END_REF][START_REF] Bobeth | General analysis of B → K( * ) +decays at low recoil[END_REF]. The very same pattern, with data lower than the SM prediction, is actually also observed in the B s → φµ + µ -channel and in the same range q 2 ∈ [1, 6] GeV 2 , as initially found in 1/fb of LHCb data [START_REF] Aaij | Differential branching fraction and angular analysis of the decay B 0 s → φµ + µ[END_REF] and then confirmed by a full Run I analysis [START_REF] Aaij | Angular analysis and differential branching fraction of the decay B 0 s → φµ + µ[END_REF]. This discrepancy is estimated to be more than 3σ.

The uncertainties in these measurements are dominated by the limited knowledge of the B to light meson hadronic form factors [START_REF] Bharucha | B → V +in the Standard Model from Light-Cone Sum Rules[END_REF][START_REF] Horgan | Rare B decays using lattice QCD form factors[END_REF][START_REF] Gubernari | B → P and B → V Form Factors from B-Meson Light-Cone Sum Rules beyond Leading Twist[END_REF].
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This measurement triggered a lot of experimental attention by LHCb [START_REF] Aaij | Measurement of form-factor-independent observables in the decay B 0 → K * 0 µ + µ[END_REF][START_REF] Aaij | Angular analysis of the B 0 → K * 0 µ + µdecay using 3 fb -1 of integrated luminosity[END_REF][START_REF] Aaij | Measurement of CP -averaged observables in the B 0 → K * 0 µ + µdecay[END_REF], AT-LAS [START_REF]Angular analysis of B 0 d → K * µ + µdecays in pp collisions at √ s = 8 TeV with the ATLAS detector[END_REF], CMS [START_REF]Measurement of the P 1 and P 5 angular parameters of the decay B 0 → K * 0 µ + µin proton-proton collisions at √ s = 8 TeV[END_REF] and Belle [START_REF] Abdesselam | Angular analysis of B 0 → K * (892) 0 +[END_REF] and the theoretical error is still debated [START_REF] Khodjamirian | Charm-loop effect in B → K ( * ) +and B → K * γ[END_REF][START_REF] Descotes-Genon | Understanding the B → K * µ + µ -Anomaly[END_REF][START_REF] Lyon | Resonances gone topsy turvy -the charm of QCD or new physics in b → s + -?[END_REF][START_REF] Jäger | Reassessing the discovery potential of the B → K * +decays in the large-recoil region: SM challenges and BSM opportunities[END_REF][START_REF] Ciuchini | B → K * +decays at large recoil in the Standard Model: a theoretical reappraisal[END_REF].

LFU in b → c ν transitions Further interesting results come from the longstanding deviations from τ -µ and τ -e universality in b → c ν transitions [START_REF] Lees | Evidence for an excess of B → D ( * ) τντ decays[END_REF][START_REF] Lees | Measurement of an Excess of B → D ( * ) τντ Decays and Implications for Charged Higgs Bosons[END_REF][START_REF] Huschle | Measurement of the branching ratio of B → D ( * ) τντ relative to B → D ( * )ν decays with hadronic tagging at Belle[END_REF][START_REF] Sato | Measurement of the branching ratio of B0 → D * + τντ relative to B0 → D * +ν decays with a semileptonic tagging method[END_REF][START_REF] Hirose | Measurement of the τ lepton polarization and R(D * ) in the decay B → D * τντ[END_REF][START_REF] Aaij | Measurement of the ratio of branching fractions B(B 0 → D * + τν τ )/B(B 0 → D * + µν µ )[END_REF][START_REF] Aaij | Measurement of the ratio of the B(B 0 → D *τ + ν τ ) and B(B 0 → D *µ + ν µ ) branching fractions using three-prong τ -lepton decays[END_REF] 

R D ( * ) = B(B → D ( * ) τ ν) B(B → D ( * ) ν) =e,µ . ( 14 
)
Uncertainties are dominated by statistics, with non-negligible experimental systematics but small theoretical uncertainties [START_REF] Fajfer | On the B → D * τ ντ Sensitivity to New Physics[END_REF][START_REF] Kamenik | B → D tau nu Branching Ratios: Opportunity for Lattice QCD and Hadron Colliders[END_REF][START_REF] Bailey | B → D ν form factors at nonzero recoil and |V cb | from 2+1-flavor lattice QCD[END_REF][START_REF] Hpqcd Collaboration | B → Dlν form factors at nonzero recoil and extraction of |V cb[END_REF][START_REF] Bernlochner | Combined analysis of semileptonic B decays to D and D * : R(D ( * ) ), |V cb |, and new physics[END_REF][START_REF] Bigi | cb |, and the Heavy Quark Symmetry relations between form factors[END_REF]. (Note that e-µ universality in b → c ν transitions is tested to hold at the percent level [START_REF] Abdesselam | Precise determination of the CKM matrix element |V cb | with B0 → D * +ν decays with hadronic tagging at Belle[END_REF][START_REF] Abdesselam | Measurement of CKM Matrix Element |V cb | from B → D * +ν[END_REF][START_REF] Jung | Constraining new physics in b → c ν transitions[END_REF].)

It goes without saying that, given the experimental and theoretical uncertainties, these measurements should be taken with care. The following comments are however in order 1. Despite the fact that the tension between theory and experiment is small for each observable, we will see throughout this part and especially in section 3.1 that a simple description of the data in term of an effective field theory (EFT) leads to a consistent description of all the b → s anomalies, with a best-fit point that improves the fit to the data by more than five standard deviations compared to the SM [START_REF] Altmannshofer | Status of the B → K * µ + µanomaly after Moriond 2017[END_REF][START_REF] Altmannshofer | Interpreting Hints for Lepton Flavor Universality Violation[END_REF][START_REF] Capdevila | Patterns of New Physics in b → s +transitions in the light of recent data[END_REF][START_REF] Geng | Towards the discovery of new physics with lepton-universality ratios of b → s decays[END_REF][START_REF] Ciuchini | On Flavourful Easter eggs for New Physics hunger and Lepton Flavour Universality violation[END_REF][START_REF] Hurth | Lepton nonuniversality in exclusive b → s decays[END_REF]. Furthermore, it was shown that a simplified model with a single tree-level mediator can not only explain b → s data, but even all of the aforementionned deviations simultaneously without violating any other existing constraints [START_REF] Alonso | Lepton universality violation and lepton flavor conservation in B-meson decays[END_REF][START_REF] Greljo | On the breaking of Lepton Flavor Universality in B decays[END_REF][START_REF] Barbieri | Anomalies in B-decays and U (2) flavour symmetry[END_REF][START_REF] Calibbi | Effective Field Theory Approach to b → s ( ) , B → K ( * ) ν ν and B → D ( * ) τ ν with Third Generation Couplings[END_REF][START_REF] Bauer | One Leptoquark to Rule Them All: A Minimal Explanation for R D ( * ) , R K and (g -2) µ[END_REF][START_REF] Fajfer | Vector leptoquark resolution of R K and R D ( * ) puzzles[END_REF].

2. Although these discrepancies triggered most of the work presented in this thesis, we emphasize that our results don't reduce to these measurements. We will see that some of the analyses and methods presented here can be adapted or generalized to other hints of new physics.

Introduction

the rare and radiative decays B (s) → ( ) γ and define observables that can be used as probes of the SM and its extensions. In Chapter 2, we will consider the implication of b → s and b → c anomalies on model building and we will examine a model based on a symmetry between the two heaviest generations of fermions. Finally, in Chapter 3 we perform fits on the coefficients of the EFTs and discuss the links between the B-anomalies and DM.

The second part presents one example of an experimental analysis, namely the search for B 0 s → µ + µ -γ at LHCb. These decays have never been observed and the only existing limit was set on B 0 decays by the Babar collaboration [START_REF] Aubert | Search for the decays B 0 → e + eγ and B 0 → µ + µγ[END_REF] B(B 0 → µµγ) < 1.5 × 10 -7 at 90% CL .

( 15 
)
Although LHCb is probably the only current detector that can perform this analysis, we will see that this measurement is challenged by the modest photon reconstruction of the detector. LHCb and the analysis will be described in Chapter 4.

In Chapter 5, we will present the first steps of the signal selection. This selection will be enriched in Chapter 6 thanks to an efficient multi-variate analysis (MVA). In Chapter 7, we will review the backgrounds that pollute the signal window as well as the fit models used to describe them and the signal. The systematic uncertainties of the analysis are reduced by the consideration of a second channel that we use to normalize the yields. A third channel is also used to probe the validity of the event simulation and to measure some selection efficiencies directly on data. These channels and methods are described in Chapter 8. The remaining uncertainties and the expected sensitivity are then given Chapter 9.

Part I

Theory and Phenomenology

The B s → γ decay: rare and radiative

The branching ratio B(B 0 s → µ + µ -) is certainly one of the cleanest probes of b → s transitions. The theoretical description of the decay is very clean because, neglecting QED corrections, all its QCD non-perturbative dynamics is described by a single number that can be precisely estimated on the lattice. The current uncertainties on the branching ratio, mainly due to this quantity and the
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CKM parametrization [START_REF] Beneke | Power-enhanced leading-logarithmic QED corrections to B q → µ + µ[END_REF], are deemed to decrease with further lattice estimates and experimental measurements. From the experimental point of view, the decay B 0 s → µ + µ -is also particularly clean for many reasons. First of all, muons are, thanks to their penetrating power, the easiest leptons to deal with at colliders. Electrons interact early in the detector leaving therefore only small traces, and taus have to be reconstructed from their children particles which, by lepton number conservation, include invisible particles. The mass of the initial B 0 s also shows a good compromise as it gives energetic muons that can be extracted from the background and a boosted B 0 s in the detector frame. These characteristics are crucial for the experimental analysis of this decay both to trigger events and to deal with the large background.

An immediate question is whether these properties can also be found in similar channels. Considering B → Kµµ decays is one possibility. As well-known however, the theoretical description of the B → K transition is much more involved due to the estimation of form-factors and the presence of resonant contributions. The branching ratio computation, as well as the prediction of angular observables, is therefore plagued by larger theoretical uncertainties. Although the SM yield is about two orders of magnitude larger than the B 0 s → µ + µ -one, the experimental measurement is also tarnished by systematical error due to the physics model used for the simulation of events [START_REF] Aaij | Differential branching fractions and isospin asymmetries of B → K ( * ) µ + µdecays[END_REF]. As the B energy is shared between the K and the two leptons, the analysis also shows lower trigger and selection efficiencies, making these channels insufficient to clearly bring NP scenarios out.

Another, less studied, possibility consists in adding a photon to the final state of B 0 s → µ + µ -decays. While keeping a purely electro-weak final state, this additional photon lifts the chiral suppression factor, therefore enhancing the total branching ratio. We will show that this enhancement comes together with a richer shortdistance structure than the non radiative decay, making B 0 s → µ + µ -γ decays a multipurpose tool for testing the SM, particularly interesting in the light of present data. This section is therefore devoted to the calculation of B 0 s → γ branching ratio.

The Weak effective Hamiltonian

The most general dimension-six Hamiltonian relevant for the transition b → s - with i = e, µ, τ reads [START_REF] Buchalla | Weak decays beyond leading logarithms[END_REF][START_REF] Buras | Effective Hamiltonian for B → X(s)e + ebeyond leading logarithms in the NDR and HV schemes[END_REF][START_REF] Misiak | The b → se + eand b → sγ decays with next-to-leading logarithmic QCD corrections[END_REF][START_REF] Bobeth | Analysis of neutral Higgs boson contributions to the decays B( s ) → +and B → K +[END_REF] 

H eff = 4G F √ 2 2 i=1 C i (µ)(λ u O u i (µ) + λ c O c i (µ)) -λ t 6 i=3 C i (µ)O i (µ) -λ t 10,S,P i=7 (C i (µ)O i (µ) + C i (µ)O i (µ)) + h.c. ,
(1.1)
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where λ i ≡ V * is V ib , with V ij CKM matrix elements, and C i are the Wilson coefficients. The operators that will be relevant in the following are defined as

O q 1 = (s i γ µ q Lj )(q j γ µ b Li ) , O q 2 = (s i γ µ q Li )(q j γ µ b Lj ) , O 7 = e 16π 2 m b (sσ µν b R )F µν , O 8 = g s 16π 2 m b (sσ µν b R )G µν , (1.2) O 1 2 9 = e 2 16π 2 (sγ µ b L )( ¯ 1 γ µ 2 ) , O 1 2 10 = e 2 16π 2 (sγ µ b L )( ¯ 1 γ µ γ 5 2 ) , O 1 2 S = e 2 16π 2 m b (s b R )( ¯ 1 2 ) , O 1 2 P = e 2 16π 2 m b (s b R )( ¯ 1 γ 5 2 ) ,
where i, j are color indices and σ µν = i 2 [γ µ , γ ν ]. The primed operators are obtained by the replacements {L ↔ R, m b → m s }1 . The operators associated to QCD penguin diagrams, O 3,...,6 , are not shown as it is usual to absorb their effect by the redefinition [START_REF] Chetyrkin | Weak radiative B meson decay beyond leading logarithms[END_REF][START_REF] Bobeth | Photonic penguins at two loops and m t dependence of BR[B → X s l + l[END_REF]]

C eff 7 = C 7 - 1 3 C 3 - 4 9 C 4 - 20 3 C 5 - 80 9 C 6 , (1.3) 
C eff 8 = C 8 + C 3 - 1 6 C 4 + 20C 5 - 10 3 C 6 , (1.4) 
C eff 9 = C 9 + Y (q 2 ) , (1.5) 
where q 2 is the squared dilepton mass and Y (q 2 ) is given in Appendix A.1. In the following, we will split Wilson coefficients as C i = C SM i + δC i so that the SM limit [START_REF] Buchalla | Weak decays beyond leading logarithms[END_REF][START_REF] Buras | Effective Hamiltonian for B → X(s)e + ebeyond leading logarithms in the NDR and HV schemes[END_REF][START_REF] Misiak | The b → se + eand b → sγ decays with next-to-leading logarithmic QCD corrections[END_REF] for the Wilson coefficients is obtained by δC ( ) i = 0. To lighten the notation, we will usually drop the "eff" superscript and write C i for δC i in the absence of possible confusion.

Before developing the computation of B(B 0 s → γ), we would like to emphasize two points.

• It should be kept in mind that the Hamiltonian (1.1) assumes that the SM is an appropriate description of the phenomenology at low scales. In particular the shifts in the Wilson coefficients can only encode new physics arising above the weak scale. In this context, the measurement of R K * in the lowest bin eq. ( 11) is rather surprising, as e.m.-dipole operators, which are the dominant ones in this region, are necessarily lepton-universal. It should certainly be kept in mind that, due to the proximity to the kinematical threshold, a robust error assessment may be more delicate in this region [START_REF] Bordone | On the Standard Model predictions for R K and R K *[END_REF], but the discrepancy, if confirmed, would require light new physics not describable within our effective-theory approach (see e.g. [START_REF] Sala | A New Light Particle in B Decays?[END_REF][START_REF] Ghosh | Explaining the R K and R K * anomalies[END_REF][START_REF] Datta | New light mediators for the R K and R K * puzzles[END_REF][START_REF] Altmannshofer | Light resonances and the low-q 2 bin of R K *[END_REF]).
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• We can slightly anticipate on section 3.1 and comment the implication of experimental data on the NP shift to Wilson coefficients. It is now well known that all b → s anomalies described in the introduction can be accounted for by either of the two simple following scenarios [START_REF] Altmannshofer | Status of the B → K * µ + µanomaly after Moriond 2017[END_REF][START_REF] Altmannshofer | Interpreting Hints for Lepton Flavor Universality Violation[END_REF][START_REF] Capdevila | Patterns of New Physics in b → s +transitions in the light of recent data[END_REF][START_REF] Geng | Towards the discovery of new physics with lepton-universality ratios of b → s decays[END_REF][START_REF] Ciuchini | On Flavourful Easter eggs for New Physics hunger and Lepton Flavour Universality violation[END_REF][START_REF] Hurth | Lepton nonuniversality in exclusive b → s decays[END_REF].

1. A shift to C µµ 9 only of the order of 30% C µµ 9,SM ; 2. A shift in the direction C µµ 9 = -C µµ 10 of approximatively 15% C µµ 9,SM .

These scenarios will be reappraised in section 3.1, but it is clear that such large contributions to SM processes make any new observable sensitive to these operators crucial for the understanding of this puzzle.

B s → γ amplitude

As an example of our setup, let us first focus on the case 1 = 2 = and compute the B 0 s → + -branching ratio. As every Wilson coefficients in this section refers to , we will omit this superscript. The computation of the amplitude |(-H eff )| B0 s lead to a priori unknown hadronic matrix elements. These matrix elements cannot be computed perturbatively, but using Lorentz and gauge invariance, one can reduce their dependence to 0|s γ µ γ 5 b| B0

s (p) = ip µ f B 0 s , (1.6) 
where p is the B 0 s four-momentum and f B 0 s is known as the B 0 s decay constant. This constant is computed using numerical simulations of QCD on the lattice (see Table 1.2). Using the equations of motion, one also gets 0|s γ 5 b| B0 s (p) = -i

M B 0 s f B 0 s m b + m s .
(1.7)

The B 0 s → + -branching ratio stems from these definitions, and reads [START_REF] Bobeth | Analysis of neutral Higgs boson contributions to the decays B( s ) → +and B → K +[END_REF][START_REF] Bobeth | B s,d → +in the Standard Model with Reduced Theoretical Uncertainty[END_REF] B(B (1.9)

0 s → + -) = τ B 0 s G 2 F α 2 em M 3 B 0 s f 2 B 0 s 2 6 π 3 1 -4 m2 |λ t | 2 × |F P + 2 m C 10 | 2 + (1 - 4 
We note that the above branching-ratio formula refers to 'instantaneous' B 0 s decays. This observation is relevant for a precision calculation of B s decay branching ratios. In this case, one should replace τ Bs with τ B H (where B H is the heaviest of the B s -Bs mass eigenstates), to account for the large width difference in the 1.1. THE B s → γ DECAY: RARE AND RADIATIVE B s system [START_REF] De Bruyn | Probing New Physics via the B 0 s → µ + µ -Effective Lifetime[END_REF]. Numerically, one finds that the SM value is dominated by the operator O 10 contribution. Including electroweak corrections, the SM prediction for = µ reads [START_REF] Beneke | Power-enhanced leading-logarithmic QED corrections to B q → µ + µ[END_REF][START_REF] Bobeth | B s,d → +in the Standard Model with Reduced Theoretical Uncertainty[END_REF][START_REF] Beneke | Enhanced electromagnetic correction to the rare B-meson decay B s,d → µ + µ[END_REF] where the 4% uncertainty is mainly due to the uncertainty on f B 0 s , the CKM entries and the top pole mass (see eq. ( 8)). Experimentally, the latest branching ratio measurements average to [START_REF]Combination of the ATLAS[END_REF] 3 B(B 0 s → µ + µ -) exp = (2.69 +0.37 -0.35 ) × 10 -9 .

( 1.11) The tension between the experimental and the theoretical prediction will be discussed in section 3.1. It is however already clear that O(15%) new contributions to C 10 are allowed by present errors, and actually favoured -provided they are in destructive interference with the SM contribution -by the about 25% too low central value. On the other hand, the absence of helicity suppression in the scalar and pseudoscalar terms of eq. (1.8) and the overall agreement between eqs. (1.10) and (1.11) forces the contributions of F S,P to negligible values [START_REF] Alonso | SU (2) × U (1) gauge invariance and the shape of new physics in rare B decays[END_REF][START_REF] Altmannshofer | New physics in b → s transitions after LHC run 1[END_REF].

Let us now consider the branching fraction of B 0 s → + -γ. We will denote q = p 1 + p 2 the dilepton momentum and k = p -q the photon momentum. The computation of the amplitude, defined as

A ≡ + (p 1 ) -(p 2 )γ(k, ε)|(-H eff )| B0
s , (1.12) brings four new matrix elements that need to be estimated. Using again Lorentz and gauge invariance, and following [START_REF] Guadagnoli | B 0 s → +γ as a test of lepton flavor universality[END_REF], we define 4 γ(k, ε)|s γ µ (1 ± γ 5 ) b| B0 s M B 0 s = -e {P µ ⊥ V ⊥ (q 2 ) ± P µ V (q 2 )} , γ(k, α)|s iq ν σ µν (1 ∓ γ 5 ) b| B0 s = + e {P µα ⊥ T ⊥ (q 2 , k 2 ) ± P µα T (q 2 , k 2 )} , (1.13) with P µα ⊥ = ε µαρσ p ρ k σ , P µα = i (g µα (p • k) -p α k µ ) , (1.14) where the ε 0123 = 1 convention is assumed and P µ ⊥ ≡ ε * α P µα ⊥ and analogous for the -direction. In practice for T ⊥, (q 2 , k 2 ) either q 2 or k 2 will be zero because of the 2 The result we quote is obtained with the latest estimation of f B 0 s for N f = 2 + 1 + 1 [START_REF] Aoki | FLAG Review 2019: Flavour Lattice Averaging Group (FLAG)[END_REF]. 3 The average eq. (1.11) is very close to the average found in [START_REF] Aebischer | B-decay discrepancies after Moriond[END_REF]. 4 This notation translates into the one of Ref. [START_REF] Kruger | Gauge invariance and form-factors for the decay B → γ +[END_REF][START_REF] Melikhov | Rare radiative leptonic decays B 0 d,s → +γ[END_REF] as

V ⊥ = FV , V = FA, T ⊥ = FT V , T = FT A.
One reason for introducing this notation is to make contact with the B → V literature, where V and A labels refer to the polarisation of the leptons in the effective theory language. We also note that the sign of the form-factors depends on the sign convention of the covariant derivative. Our covariant derivative convention, specified above, is consistent with all form-factors being positive, which can be inferred from Refs. [START_REF] Descotes-Genon | Factorization, the light cone distribution amplitude of the B meson and the radiative decay B → γ ν[END_REF][START_REF] Ball | B → γeν e transitions from QCD sum rules on the light cone[END_REF] in the context of Bu → νγ transitions.
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on-shell photon in the final state. The difference in signs with respect to [START_REF] Kruger | Gauge invariance and form-factors for the decay B → γ +[END_REF] is due to the ε tensor and the covariant derivative definitions.

Computing V ⊥, (q 2 ) and T ⊥, (q 2 , k 2 ) is a complex task as these functions encapsulate the non-perturbativity of the b → s transition. On the other hand, based on exact and approximate results developed in Appendix A.2, one can assume a generic parametrization

V ⊥, (q 2 ) = β V ⊥, f B M B ∆ V ⊥, + E γ , T ⊥, (q 2 , 0) = β T ⊥, f B M B ∆ T ⊥, + E γ , (1.15)
where the photon energy can be written as

E γ = M B 2 (1 - q 2 M 2 B
) .

(1.16)

The parameters β and ∆ used in this manuscript are summarized in [START_REF] Kruger | Gauge invariance and form-factors for the decay B → γ +[END_REF] and used in this manuscript.

very low-q 2 . In section 1.2, we will see how these resonances can be accounted for under the narrow-width approximation.

The Hamiltonian eq. (1.1) entails two types of contributions in the amplitude A. Most of the interactions are driven by the operators O ( ) 7,9,10 and are of short distance (SD) nature. The operators O 1-6,8 however give rise to q 2 -dependent long distance (LD) contributions. The different SD contributions to the leading-order amplitude in weak interactions are displayed in Fig. 1.1.

The corresponding SD amplitude reads . The form factors T ⊥, (q 2 , 0) and T ⊥, (0, q 2 ) describe the diagrams (a, b) and (c, d) respectively. Diagrams (e) and (f ) are described by the V ⊥, (q 2 ) form factors and diagrams (g) and (h) encode bremsstrahlung contributions, whose hadronic matrix elements are described by the B0 s decay constant.

A SD = - G F λ t √ 2 e α em 2π × 2m b q 2 (C 7 + m s m b C 7 )T ⊥ (q 2 )P µ ⊥ -(C 7 - m s m b C 7 )T (q 2 )P µ ū(p 2 )γ µ v(p 1 )+ 1 M B 0 s (C 9 + C 9 )V ⊥ (q 2 )P µ ⊥ -(C 9 -C 9 )V (q 2 )P µ ū(p 2 )γ µ v(p 1 )+ 1 
1

M B 0 s (C 10 + C 10 )V ⊥ (q 2 )P µ ⊥ -(C 10 -C 10 )V (q 2 )P µ ū(p 2 )γ µ γ 5 v(p 1 )- 2if Bs m µ C 10 -C 10 ū(p 2 ) / ε * / p t -m 2 µ - / p/ ε * u -m 2 µ γ 5 v(p 1 ) , (1.17) 
where T ⊥, (q 2 ) ≡ T ⊥, (q 2 , 0) + T ⊥, (0, q 2 ) , ( As the LD contributions involve the same structure as the SD contribution, we parametrize the full amplitude (1.12) as

A = G F λ t √ 2 e α em 2π × 2m b q 2 a ⊥ (q 2 )P µ ⊥ -a (q 2 )P µ ū(p 2 )γ µ v(p 1 ) + O(C ( ) 9,10 ) , (1.19) such that a ⊥, (q 2 ) = (C 7 ± m s m b C 7 )T ⊥, (q 2 )+(C 8 ± m s m b C 8 )G ⊥, (q 2 )+ 6 i=1 C i L i⊥, (q 2 ) , (1.20)
where G ⊥, (q 2 ) and L i⊥, (q 2 ) stand for the chromomagnetic penguin and the four-quark operator contributions. These contributions, displayed in Fig. 1.2, are mainly relevant at low q 2 due to the 1/q 2 enhancement from the virtual photon emitting the lepton pair. The four-quark contribution (diagram (i) in Fig. 1.2 and referred to as weak annihilation (WA) in [START_REF] Melikhov | Rare radiative leptonic decays B 0 d,s → +γ[END_REF]) has been computed at low q 2 , at leading twist-2 and in the limit of massless up-and charm-quarks. The full quark mass dependence can however be obtained from [START_REF] Bosch | The Double radiative decays B → γγ in the heavy quark limit[END_REF] where this contribution was computed in the context of the B → γγ decay. Parallel contributions are found to vanish, while

L 1⊥ = - 8 3 f Bs m b 1 λ t (λ u g(z u ) + λ c g(z c )) , L 2⊥ = 1 3 L 1⊥ , (1.21) 
with z i ≡ m 2 i /m 2 b and the g(z) function defined in [START_REF] Bosch | The Double radiative decays B → γγ in the heavy quark limit[END_REF]. 5 The contribution from 4-quark operators other than O 1,2 ("quark loops") are neglected in the following because of their small Wilson coefficients. Concerning the chromomagnetic penguin operator (diagram (j) in Fig. 1.2), only little is known, but it is expected to be small, as it is the case for B → V [START_REF] Dimou | Exclusive Chromomagnetism in heavy-to-light FCNCs[END_REF], in part because of, again, the small Wilson coefficient.

From eq. (1.17), it is already clear that adding a photon to the final state of B 0 s → + -decays yields an observable not only sensitive to O 10 , but also to O 9 and the electromagnetic-dipole operator O 7 , as well as to their chiralityflipped counterparts [START_REF] Kruger | Gauge invariance and form-factors for the decay B → γ +[END_REF][START_REF] Melikhov | Rare radiative leptonic decays B 0 d,s → +γ[END_REF][START_REF] Geng | Study of B s,d → +γ decays[END_REF][START_REF] Dincer | Charge asymmetry and photon energy spectrum in the decay B s → +γ[END_REF][START_REF] Descotes-Genon | Universality of nonperturbative QCD effects in radiative B decays[END_REF][START_REF] Aliev | B q → +γ decays in light cone QCD[END_REF]. Let us now turn to the computation of the differential branching ratio.

B s → γ branching ratio

The branching ratio can be decomposed into initial state radiation (ISR) -diagrams (a) to (f) in Fig. 1.1 -and final state radiations (FSR), also referred to as bremsstrahlung, that corresponds to the two last diagrams. Denoting Γ (1) (respectively Γ (2) ) the ISR (FSR) component and Γ (12) the interference between the two contributions, the total branching ratio reads Γ = Γ (1) + Γ (2) + Γ (12) . Using x ≡ 1 -ŝ and ξ ≡ ût, where from now on the hat denotes that the given
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variable has been made dimensionless by normalizing it to an appropriate power of M B , the different contributions read

d 2 Γ (1) dŝ d t = G 2 F α 3 em M 5 B 0 s 2 10 π 4 |λ t | 2 x 2 B 0 + x ξB 1 + ξ 2 B 2 , (1.22) d 2 Γ (2) dŝ d t = G 2 F α 3 em M 5 B 0 s 2 10 π 4 |λ t | 2 8 f B 0 s M B 0 s 2 m2 |C 10 | 2 × ŝ + x 2 /2 ( t -m2 )(û -m2 ) - x 2 m2 ( t -m2 ) 2 (û -m2 ) 2 ,
(1.23)

d 2 Γ (12) dŝ d t = G 2 F α 3 em M 5 B 0 s 2 10 π 4 |λ t | 2 16 f B 0 s M B 0 s x 2 m2 ( t -m2 )(û -m2 ) × (1.24) 2 x mb ŝ Re (C * 10 C 7 T ⊥ (s, 0)) + xV ⊥ (s)Re (C * 10 C 9 ) + ξV (s) |C 10 | 2 , where ŝ = (p -k) 2 M 2 B 0 s , t = (p -p 1 ) 2 M 2 B 0 s , û = (p -p 2 ) 2 M 2 B 0 s , ( 1.25) 
and the ŝ, t, û variables fulfil the constraint ŝ + t + û = 1 + 2 m2 . The B i functions are defined as follows:

B 0 = (ŝ + 4 m2 ) (F 1 (ŝ) + F 2 (ŝ)) -8 m2 |C 10 | 2 V 2 ⊥ (q 2 ) + V 2 (q 2 ) , B 1 = 8 ŝ V ⊥ (q 2 )V (q 2 ) Re (C * 10 C 9 ) + mb V ⊥ (q 2 ) Re C * 10 C 7 T (q 2 ) + mb V (q 2 ) Re C * 10 C 7 T ⊥ (q 2 ) , B 2 = ŝ (F 1 (ŝ) + F 2 (ŝ)) , with F 1 (ŝ) = |C 9 | 2 + |C 10 | 2 V 2 ⊥ (q 2 ) + 2 mb ŝ 2 C 7 T ⊥ (q 2 ) 2 + 4 mb ŝ V ⊥ (q 2 ) Re C * 9 C 7 T ⊥ (q 2 ) , (1.26) F 2 (ŝ) = |C 9 | 2 + |C 10 | 2 V 2 (q 2 ) + 2 mb ŝ 2 C 7 T (q 2 ) 2 + 4 mb ŝ V (q 2 ) Re C * 9 C 7 T (q 2 ) . (1.27)
The q 2 spectrum of the B 0 s → µ + µ -γ decay is obtained after integrating over the reduced Mandelstam variable t. It is presented in Fig. 1.3, where we used the numerical values summarized in Table 1.2. One remark is in order concerning CHAPTER 1. BETWEEN THEORY AND EXPERIMENT: DEFINITION OF NOVEL OBSERVABLES the q 2 integration range. While q 2 min = 4m 2 is fixed by kinematics, the total branching ratio is logarithmically divergent at E γ = 0 (namely q 2 = M 2 B 0 s ). This divergence reflects the fact that the observable B(B 0 s → µ + µ -γ), with one single soft photon, is not well-defined in this limit. The problem is well-known and already appears in the definition B(B 0 s → µ + µ -) [START_REF] Yennie | The infrared divergence phenomena and high-energy processes[END_REF][START_REF] Weinberg | Infrared photons and gravitons[END_REF][START_REF] Isidori | Soft-photon corrections in multi-body meson decays[END_REF]. Due to bremsstrahlung emissions, the physical observable is indeed B(B 0 s → µ + µ -+ nγ), where the n photons are undetected. These emissions can be summed analytically to all orders in the soft-photon approximation, yielding a multiplicative correction to the nonradiative rate [138]. The separation between the B 0 s → µ + µ -and B 0 s → µ + µ -γ spectrums in this region is discussed in section 1.3.

As concerns the measurement of B(B 0 s → µ + µ -γ), the experiment cannot measure photons with energies smaller than a given threshold. In the B 0 s rest frame, this energy reads

E γ = M B 0 s 2 1 - q 2 M B 0 s . (1.28)
Imposing E γ ≥ E γ,min = 50 MeV, as performed for the simulation of events in the analysis implies

q 2 max = M 2 B 0 s (1 -2E γ,min /M B 0 s ) 6 .
In practice, we will see in section 5 that the experimental analysis (with a detected photon) requires a much larger photon-energy cut whose efficiency is estimated on the simulation.

Constant

Ref. 

f B 0 s [GeV] [119] 0.2303(13) f φ [GeV] [139] 0.241( 18 
)
|V tb V * ts /V cb | [140] 0.982(1) |V cb | incl [141] 0.04200(64)
→ µ + µ -γ).
Wilson coefficients are estimated at µ b = 5.0 GeV. α em is run from m Z down to µ b in the MS scheme (RGEs can be found e.g. in Ref. [START_REF] Beneke | Power-enhanced leading-logarithmic QED corrections to B q → µ + µ[END_REF]). 10 -6 10 -5

THE B s → γ DECAY: RARE AND RADIATIVE

q 2 [GeV 2 ] dΓ B s →μμγ /dq 2 Figure 1.3: B 0 s → µ + µ -γ
differential branching ratio as computed in [START_REF] Melikhov | Rare radiative leptonic decays B 0 d,s → +γ[END_REF] and presented in the text. Details on the φ resonances will be given in section 1.2. The charmonium region is excluded and a minimal photon energy of E γ,min = 50 MeV is considered. Theoretical uncertainties, mainly due to the φ resonances and the B → γ form factors parametrization are discussed in section 1.2. Additional details on E γ,min and the treatment of FSR are discussed in section 1.3

Scan of the branching ratio

To summarize this section, the q 2 -spectrum can be described as follows:

1. At very low-q 2 , near the kinematic limit, the branching ratio is enhanced by 1/q 2 contributions (photon pole). Contributions from diquark and gluonic operators are subdominant due to small Wilson coefficients, such that the decay can be reduced to B 0 s → γγ, with one photon converting into the dilepton pair.

2. When q 2 enters the GeV 2 region, light meson resonances appear. The subprocesses B 0 s → γφ ( ) (→ µµ) are dominated by the e.m.-dipole interactions and therefore offer a sensitive probe of the C 7 and C 7 Wilson coefficients. These resonances significantly enhance the total branching ratio. For example, the q 2 interval between 1 and 1.1 GeV 2 contributes 70% of the total branching ratio (excluding the narrow charmonium interval [8.6, 15.8] GeV 2 ). The treatment of these resonances will be discussed in the following section 1.2.

Above these light-meson resonances and below the charmonium contribution,

the region is dominated by O 9 and O 10 . The region is theoretically clean because E γ Λ QCD allows form factors to be computed in the framework of QCD factorization and soft-collinear effective theory (SCET). This approach CHAPTER 1. BETWEEN THEORY AND EXPERIMENT: DEFINITION OF NOVEL OBSERVABLES initiated in the context of B u → γ ν [START_REF] Descotes-Genon | Factorization, the light cone distribution amplitude of the B meson and the radiative decay B → γ ν[END_REF][START_REF] Korchemsky | Radiative leptonic decays of B mesons in QCD[END_REF][START_REF] Lunghi | Factorization in leptonic radiative B → γeν decays[END_REF][START_REF] Bosch | Factorization and Sudakov resummation in leptonic radiative B decay[END_REF], was recently extended to B q → γ decays [START_REF] Beneke | B d,s → γ ¯ decay with an energetic photon[END_REF].

4. The charmonium region is excluded both for experimental and theoretical reasons. Experimentally, this region comes with a large combinatorial background. For example B 0 s → J/ψ η would make the search of signal in this region a tremendous task [START_REF] Aaij | Search for the decays B 0 → J/ψ γ and B 0 s → J/ψ γ[END_REF]. This region is also highly challenging theoretically as the branching ratio cannot be computed pertubatively nor on the lattice. 7 The size of the veto window, which is a compromise between charmonium pollution and signal yield, is discussed in Part II.

Above the ψ(2S), the impact of broad charmonium resonances is much

weaker. The region is dominated by O 9 and O 10 which defines another theoretically clean region. Form factor uncertainties are smaller and they can in principle be extracted from lattice QCD simulations [START_REF] Kane | Radiative leptonic decays on the lattice[END_REF]. The sensitivity to their parametrization can be further reduced by measuring a ratio, akin to R K ( * ) , of two different leptonic final states. This possibility is discussed in section 1.2.

6. At very large q 2 > 25 GeV 2 , the decay is dominated by bremsstrahlung radiations. These corrections are experimentally simulated and accounted for in the B 0 s → µ + µ -measurement. Actually B 0 s → µ + µ -γ ISR component can be seen as a pollution of the B 0 s → µ + µ -sample. This viewpoint offers an alternative way of measuring the radiative branching ratio. This possibility is discussed in section 1.3.

In order to simplify the discussion, several points were left apart in the computation of B(B 0 s → µ + µ -γ). The next section comes back on these assumptions at low-q 2 , with the discussion of meson resonances, as well as at high-q 2 , with the study of the impact of the form-factor parametrization.

Theoretical error

This section, adapted from [START_REF] Guadagnoli | B 0 s → +γ as a test of lepton flavor universality[END_REF], is devoted to a more in-depth consideration of the low-and high-q 2 regions and of the main theoretical uncertainties involved. The idea is to put forward a number of strategies to reduce these uncertainties below the level that makes B (s) → γ observables a valuable new probe of the very interactions hinted at by present-day discrepancies.

As already mentioned in the previous section, the low-q 2 range includes the φ(1020) resonance. We argue that the theoretical uncertainty associated to the prediction for the total B(B 0 s → µ + µ -γ) can be drastically reduced taking into account, for low q 2 , its close parenthood with the measured B 0 s → φ(→ K + K -)γ.

THEORETICAL ERROR

Incidentally, a measurement of this ratio in the low-q 2 region would provide a cross-check of the R K * result [START_REF] Higgs | Broken Symmetries and the Masses of Gauge Bosons[END_REF] in the lowest bin. As concerns the high-q 2 region, which is only dominated by the vector and the axial B 0 s → γ form factors, theory uncertainties cancel to a large extent in the ratio between two different lepton channels. Keeping in mind that this region is by far dominated by the Wilson coefficients C 9 and C 10 , such ratio provides a new stringent test of LUV.

The low-q 2 region

Modelling the φ and higher resonances

As already discussed, the low-q 2 region is dominated by light meson resonances. The underlying processes, mainly B 0 s → (φ → µµ)γ for B 0 s , are dominated by the e.m.-dipole interactions in the SM and therefore offers a sensitive probe of the C 7 and C 7 Wilson coefficients as well as of other interactions, mediated by light new particles, and as such beyond the effective-theory picture.

For this part of the amplitude, which is not well described by perturbative theory because of resonant behaviour, we write the reduced amplitude (1.20) in term of a n-times subtracted dispersion relation

a ι (q 2 ) = n-1 k=0 1 k! a (k) ι (s 0 )(q 2 -s 0 ) k + (q 2 -s 0 ) n 1 2πi ∞ cut Disc[a ι (s)]ds (s -q 2 -i0)(s -s 0 ) n , ( 1.29) 
where hereafter ι =⊥, , Disc[f (s)] ≡ f (s + i0) -f (s -i0) and it is assumed that the only singularity in the physical sheet of the q 2 plane runs over the real axis.

In the narrow-width approximation .30) where φ|sγ µ s|0 = f φ M φ ε * µ is the φ decay constant and the dots stand for higher resonance states such as the φ(1680) and other KK-continuum, discussed later on. a

1 2πi Disc[a ι (s)] = -δ(s -M 2 φ )M φ f φ a B 0 s → φγ ι + . . . ( 1 
B 0 s → φγ ι is the analogue of a ι in eq. (1.20), a B 0 s → φγ ⊥, = C 7 ± m s m b C 7 T B 0 s →φ ⊥, (0) + C 8 ± m s m b C 8 G B 0 s →φ ⊥, (0) + 6 i=1 C i L B 0 s →φ i⊥, . (1.31) As already noted below eq. (1.14) for B 0 s → µ + µ -γ form-factors, one has T B 0 s →φ ⊥ (0) = T B 0
s →φ (0). In more standard notation, e.g. [START_REF] Bharucha | B → V +in the Standard Model from Light-Cone Sum Rules[END_REF], the form factors are denoted by

T B 0 s →φ ⊥, (0) = 2T B 0 s →φ 1 (0) = 2T B 0
s →φ 2 (0), notation that we will adopt in the following.
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For s 0 = 0 and a lower bound below M 2 φ , eq. (1.29) reads, beyond the narrow width approximation and for zero and one subtraction

a ι (q 2 ) =            f φ M φ a B 0 s → φγ ι q 2 -M 2 φ +iM φ Γ φ + . . . [n = 0] a ι (0) + q 2 M 2 φ f φ M φ a B 0 s → φγ ι q 2 -M 2 φ +iM φ Γ φ + . . . [n = 1] , (1.32)
where Γ φ is the decay width of the φ meson.

Concerning the numerical values, T

B 0 s →φ 1 (0) is known most precisely from light- cone sum rules (LCSR), yielding [61] T B 0 s →φ 1 (0) = 0.309 ± 0.027 (1.33)
at twist-4 tree level and twist-3 O(α s ). This result is an update of the analysis [START_REF] Ball | φ decay form-factors from light-cone sum rules revisited[END_REF][START_REF] Ball | B → V γ beyond QCD factorisation[END_REF] with more recent input parameters and a twist-4 tree-level contribution. The O 8 and four quark topologies, that enter the O(α s ) result, are known in the 1/m b -limit [START_REF] Beneke | Systematic approach to exclusive B → V + -, V γ decays[END_REF][START_REF] Bosch | The Radiative decays B → V γ at next-to-leading order in QCD[END_REF] and in LCSR, relying on an 1/m b -expansion from Refs. [START_REF] Dimou | Exclusive Chromomagnetism in heavy-to-light FCNCs[END_REF] and [START_REF] Lyon | Isospin asymmetries in B → (K * , ρ)γ/ +and B → K +in and beyond the standard model[END_REF] respectively. As already discussed, the corresponding Wilson coefficient are expected to be small, and these contributions are neglected.

With the approximation a

B 0 s →φγ ⊥, = 2 C 7 T B 0
s →φ 1 (0) and the identification T 1 (0) = -g + (0), the n = 1 version of this expansion corresponds to the one proposed in [START_REF] Kruger | Gauge invariance and form-factors for the decay B → γ +[END_REF].

Using B 0

s → φγ data It is clear that given the dominance of the φ resonances at low-q 2 , the error attached to eq. (1.33) will directly translate into a theoretical error on the estimation of B(B 0 s → µ + µ -γ). Hence improving the prediction (1.33) is crucial to make B 0 s → µ + µ -γ an efficient probe of the SM. An alternative strategy is to extract the amplitudes a B 0 s →φγ ⊥, from experiment. This approach is promising since the branching ratio [START_REF] Patrignani | Review of Particle Physics[END_REF] 

B(B 0 s → φγ) = (3.52 ± 0.34) × 10 -5 (1.34)
already known to 10% accuracy will be improved by ongoing analysis. In this measurement, the statistical error is about half of the global uncertainty and is expected to decrease substantially. On the other hand, as any B 0 s modes, the branching ratio is normalized to a B d mode, so the systematic uncertainty is limited by the uncertainty on the ratio of the B 0 and B 0 s hadronisation fractions in pp collisions, f s /f d , currently of about 5% [START_REF] Aaij | Measurement of b-hadron fractions in 13 TeV pp collisions[END_REF]. However, even with the current sensitivity, one can expect to extract the amplitudes at the 5% level, to compare

THEORETICAL ERROR

with a theory error which is above 10%.

A caveat lies however in the fact that

B(B 0 s → φγ) ∝ |a B 0 s →φγ ⊥ | 2 + |a B 0 s →φγ | 2 (1.35)
which means that the experimental measurement does not provide enough information for two complex amplitudes. Although the B 0 s → µ + µ -γ branching ratio prediction will be improved, the knowledge of the relative phases in the amplitude is crucial to use them as probes of the interference components in the B 0 s → µ + µ -γ spectrum. This situation can however be improved through theoretical knowledge and related observables in this channel. For example, further knowledge on the amplitudes may be obtained from direct and time-dependent CP asymmetries [START_REF] Muheim | Exploiting the width difference in B s → φγ[END_REF]. For the latter, LHCb has updated its first measurement, which now reads A ∆ -0.67 +0. 37 -0.41 ± 0.17 [START_REF] Aaij | Measurement of CP -violating and mixing-induced observables in B 0 s → φγ decays[END_REF] with a large uncertainty but also with a large deviation from the SM prediction A ∆ 0.047 [START_REF] Eguchi | First results from KamLAND: Evidence for reactor anti-neutrino disappearance[END_REF] [START_REF] Muheim | Exploiting the width difference in B s → φγ[END_REF]. (0) traded for eq. (1.34). The 15% error on the left panel is indicative, but can be motivated using a theoretical or an experimental argument. On the one hand, the form-factor error in eq. (1.33) is around 10% and the error on the LD part is likewise around 10%. One can therefore understand the 15% as a Gaussian average. Alternatively, the central value in eq. (1.33) implies B(B 0 s → φγ) form factor = 2.7 × 10 -5 , which is about 30% lower than the central value in eq. (1.34), again justifying an error of about 15%. As concerns the systematic error inherent in the choice of the formfactor parametrization eq. (1.15), it can be estimated in this energy range by a comparison with the results obtained with SCET approaches [START_REF] Beneke | B d,s → γ ¯ decay with an energetic photon[END_REF]. Note however

δT1 Bs→ ϕ = 0 δT1 Bs→ ϕ = ±15% ���� ���� ���� �� -� �� -� �� -� �� -� ����� ����� ����� � � μμ (��� � ) � � �� ��� μμ (γ) /�� � μμ � ���� ���� ���� �� -� �� -� �� -� �� -� ����� ����� ����� � � μμ (��� � ) � � �� ��� μμ (γ) /�� � μμ � � � ��→ ϕ ������ ��� �[� � →ϕγ] ���

CHAPTER 1. BETWEEN THEORY AND EXPERIMENT: DEFINITION OF NOVEL OBSERVABLES

that given the dominance of the φ resonances, this systematic uncertainty will be small compare to the one discussed here. The reduced uncertainty in the right panel shows the potential gain of the method, which has further potential for improvement with more statistics. On the systematic side, one needs to go beyond the form-factor dominance which is the underlying assumption that we made.

Additional resonances

In order to make the discussion following eq. (1.30) more transparent, we have restricted ourselves to the case of one single resonance, the φ(1020). At this stage it is very important to assess the potential impact on the prediction of the lowq 2 B 0 s → µ + µ -γ spectrum of other resonances -most notably the φ(1680), to be denoted as φ hereafter. The B 0 s → φ form factor can be estimated by scaling by the decay constants,

T B 0 s →φ 1 f φ /f φ T B 0 s →φ 1 .
As we are unaware of an evaluation of f φ we resort to K * -meson data, assuming

f φ /f φ f K * /f K * .
From the ratio between B(B → K * (1410)γ) and B(B → K * (892)γ) data [START_REF] Patrignani | Review of Particle Physics[END_REF], suitably corrected for the relevant kinematic factors, we get f φ /f φ 0.86. We note that this value is encouragingly close to f ρ /f ρ = 0.875 from Ref. [START_REF] Bakulev | The rho meson and related meson wave functions in QCD sum rules with nonlocal condensates[END_REF] using non-local condensate sum rules.

For such a potentially large coupling, it is clear that including or not the φ would considerably alter the prediction of the B 0 s → µ + µ -γ spectrum at low q 2 , hence of the B 0 s → µ + µ -γ branching ratio as a whole. However, the large width of the φ (Γ φ 35 × Γ φ [START_REF] Patrignani | Review of Particle Physics[END_REF]) turns out to suppress the φ contribution to the B 0 s → µ + µ -γ spectrum to be a below-1% correction to the total branching ratio. Needless to say, our argument can put on more solid grounds with data on B(B 0 s → φ γ), to be measured in a statistically favourable φ decay mode, for example φ → K K * (892). Such data are not yet available at present [START_REF] Patrignani | Review of Particle Physics[END_REF] and we would like to emphasize their interest, not only to robustly assess the systematics due to the φ , but also, potentially, for interference studies. We remark in fact that a large phase in the φ Breit-Wigner would entirely cancel the suppression due to Γ φ Γ φ .

A final remark concerns the charmonium region. Attempting a description of this region with an approach similar to eq. (1.32) is, in principle, possible, because the J/ψ and ψ(2S) resonances are sufficiently narrow. On the other hand, the required radiative branching ratios are, again, not yet measured (see e.g. [START_REF] Aaij | Search for the decays B 0 → J/ψ γ and B 0 s → J/ψ γ[END_REF] for LHCb's Run I attempt). We also remark that, at variance with the low-q 2 range, in this region the SD dynamics is dominated by the O ( ) 9,10 operators, that one can more cleanly extract from the region ŝ > 0.55 to be discussed next.

THEORETICAL ERROR

The high-q 2 region

The ratio r γ

We next consider the part of the spectrum above the narrow-charmonium resonances, ŝ 0.55. As concerns the theoretical error in this region, the first consideration to be made is that the by far largest contributions come from just two sets of terms, those proportional to V 2 ⊥ or to V 2 , because of C 9,10 -dominance, followed by the impact of broad charmonium resonances which we address in a later section. Terms proportional to all other form-factor combinations have an impact that numerically does not exceed a few percent. Furthermore the existing theoretical predictions of V ⊥ and V , as well as their associated errors, are partly correlated.

From these considerations it is clear that the ratio of the B 0 s → + -γ differential branching ratios between two different lepton channels offers a potentially much cleaner quantity than the two branching ratios considered separately. As such, this ratio provides a valuable test of lepton universality violation, in a channel devoid of final-state hadrons. More specifically, let us consider the following quantity

r γ (q 2 ) ≡ dB(B 0 s → µ + µ -γ)/dq 2 dB(B 0 s → e + e -γ)/dq 2 , ( 1.36) 
as well as

R γ (q 2 1 , q 2 2 ) ≡ q 2 2 q 2 1 dq 2 dB(B 0 s → µ + µ -γ)/dq 2 q 2 2 q 2 1 dq 2 dB(B 0 s → e + e -γ)/dq 2 , ( 1.37) 
where we choose q 2 1 /M 2 Bs = 0.55 (corresponding to q 2 1 = 15.8 GeV 2 ), i.e. somewhat above the ψ(2S) resonance, and q 2 2 /M 2 Bs = 0.8 (q 2 2 = 23.0 GeV 2 ) due to bremsstrahlung in the µ + µ -channel, as explained below. The ratio r γ (q 2 ) has the following properties:

• Among the Wilson coefficients appearing in the Hamiltonian (1.1), the largest SM contributions are those from C 9,10 , and the largest sensitivity is correspondingly to C ( ) 9,10 . The ratio r γ therefore offers a further test of the very same new-physics contributions that would be responsible for R K ( * ) .

• The radiative branching ratios for the µ + µ -and for the e + e -channels appearing in r γ are very close to each other, and not hierarchically different, as in the corresponding non-radiative decays. In fact, either of B(B 0 s → µ + µ -γ) and B(B 0 s → e + e -γ), integrated over the whole q 2 range, are of the order of 10 -8 . We note explicitly that such rate, in the case of the e + e -channel, amounts to an enhancement over the non-radiative branching ratio of about 5 orders of magnitude.

• As mentioned above, both numerator and denominator on the r.h.s. of eq. (1.36) are dominated by terms proportional to

V 2 ⊥ or V 2 for ŝ ∈ [0.55, 0.8].
An error of, say, ±10% on these form factors thus reflects in roughly twice the same error on the differential branching ratios. This is illustrated in the top panel of Fig. In this plot the red line lies well outside the blue band of the theoretical error throughout the considered q 2 range.

• We do not consider ŝ values above 0.8. In fact, for such values the FSR component -diagrams (g) and (h) in Fig. 1.1 -becomes, in the µ + µ - channel, comparable in size with the ISR one -all the other diagrams in the same figure. 9 Being ISR diagrams proportional to just the first of the matrix elements in eq. (1.13), they steadily spoil the cancellation of formfactor uncertainties between the numerator and denominator of eq. (1.37) as q 2 increases. This can be appreciated in Fig. 1.5 (bottom panel), where from left to right r γ gradually departs from unity and its error gets larger. Incidentally, this departure from unity distinguishes B 0 s → + -γ decays from B → V ones.

Impact of broad charmonium

In the discussion so far we have disregarded one further source of potentially significant theory systematics, namely the contamination of the B 0 s → µ + µ -γ spectrum by broad-charmonium resonances. A dedicated study in the context of B + → K + has been performed in [START_REF] Lyon | Resonances gone topsy turvy -the charm of QCD or new physics in b → s + -?[END_REF], and extended by LHCb to include low-lying ρ, ω, . . . resonances [START_REF] Aaij | Measurement of the phase difference between the short-and long-distance amplitudes in the B + → K + µ + µdecay[END_REF]. Similar effects are possible for our decays of interest, through the subprocess B 0 s → V cc (→ )γ, with V cc any of ψ(2S), ψ(3770), ψ(4040), ψ(4160) or ψ(4415). We model LD effects associated with such 

� � μμ (��� � ) � γ (� � μμ ) � Figure 1.5:
Comparison between (top panel) the theoretical error in the B 0 s → µ + µ -γ spectrum and (bottom panel) the corresponding error on r γ as defined in eq. (1.36). The red line corresponds to a NP scenario that account for the b → s experimental results. resonances as a sum over Breit-Wigner poles [START_REF] Kruger | Lepton polarization in the decays b → X(s)µ + µand B → X(s)τ + τ[END_REF], through the replacement

C 9 → C 9 - 9π α 2 C V |η V |e iδ V mV B(V → µ + µ -) ΓV tot q2 -m2 V + i mV ΓV tot , ( 1.38) 
with free floating absolute value and phase [START_REF] Lyon | Resonances gone topsy turvy -the charm of QCD or new physics in b → s + -?[END_REF] to measure the deviation from naive factorization (|η V | = 1 and δ V = 0). 10 The sum runs over the five resonances mentioned above, hats indicate that the given quantity is made dimensionless by an appropriate power of M Bs , and

C = C 1 + C 2 /3 + C 3 + C 4 /3 + C 5 + C 6 /3.
The relevant numerical input for all resonances but the ψ(2S) is taken from the recent determination [START_REF] Ablikim | Determination of the ψ(3770)[END_REF]. For the ψ(2S) we use data from the PDG [START_REF] Patrignani | Review of Particle Physics[END_REF] and checked the stability of our results against numerical input taken from [START_REF] Lyon | Resonances gone topsy turvy -the charm of QCD or new physics in b → s + -?[END_REF][START_REF] Kruger | Lepton polarization in the decays b → X(s)µ + µand B → X(s)τ + τ[END_REF]. The effect of the shift (1.38) is shown in either panel of Fig. 1.5 as a wiggly solid line using |η V | = 1 and δ V = 0 for illustrative purposes. The figure displays that, while the differential branching ratio (top panel) shows some sensitivity to such effect, that may partly compensate the new-physics shift required by R K ( * ) , this sensitivity is substantially reduced in r γ (bottom panel), that neatly distinguishes the SM case from the new-physics one.

Result

We conclude with predictions of the total branching ratio for B 0 s → µ + µ -γ for low and high q 2

B(B 0 s → µ + µ -γ) low q 2 = (8.4 ± 1.3) × 10 -9 , B(B 0 s → µ + µ -γ) high q 2 = (8.90 ± 0.98) × 10 -10 , (1.39)
where the q 2 -integration windows are respectively

q 2 /M 2 Bs = [(2m µ /M Bs ) 2 , 0.30] and q 2 /M 2 Bs = [0.55, 1 -2E γ,min /M Bs ]
, with E γ,min = 50 MeV. These ranges correspond to q 2 = [0.04, 8.64] GeV 2 and q 2 = [15.84, 28.27] GeV 2 .

For the ratio R γ we obtain

R γ (q 2 1 , q 2 2 ) = 1.152 ± 0.030 , (1.40)
where, as reminder, we choose q 2 1 /M 2 Bs = 0.55 and q 2 2 /M 2 Bs = 0.8. The errors on the above predictions are obtained by assuming form factors with uncorrelated Gaussian errors of 10% and (|A

B 0 s →φ ⊥ | 2 + |A B 0 s →φ | 2
) traded for eq. (1.34). In our above estimates we neglect the possible contribution from the φ , having estimated it to be below 1%. On the other hand, we do include possible systematic effects due to the J/ψ (low q 2 ) or to broad-charmonium resonances (high q 2 ). These effects are modelled according to eq. (1.38), where we take the resonance couplings to be uniformly distributed in the ranges |η V | ∈ [START_REF] Gell-Mann | The Eightfold Way: A Theory of strong interaction symmetry[END_REF][START_REF] Zweig | An SU(3) model for strong interaction symmetry and its breaking[END_REF] and δ V ∈ [0, 2π], and uncorrelated with one another. The possible pollution from the J/ψ resonance is actually the reason why we limited the low-q 2 prediction to ŝ ≤ 0.30. 11 11 For reference, taking the low-q 2 range to extend up to ŝ ≤ 0.33, as chosen elsewhere in the literature, we find

B(B 0 s → µ + µ -γ) ŝ≤0.33 = (8.3 ± 1.3) × 10 -9 (no J/ψ) B(B 0 s → µ + µ -γ) ŝ≤0.33 = (10.6 ± 2.9) × 10 -9
(with J/ψ) , (1.41) where in the first equation we take |η J/ψ | = 0 in eq. (1.38). Whereas the J/ψ effect is sizeable if the integration range extends up to ŝ = 0.33, the impact for ŝ ≤ 0.30 is well within our quoted uncertainties, as can be inferred from the error bands in eqs. (1.41) and (1.39).

NOVEL MEASUREMENT STRATEGY

Before concluding this section, an important remark is in order. All the above discussion concerns B 0 s decays, however up to a few points, the results can directly be generalized to B 0 . These decays would statistically suffer from the relative CKM suppression, of about 4×10 -2 , with respect to the B 0 s modes, but in principle enormously benefit from the huge statistics and detector capabilities foreseen at Belle 2, although this can be ascertained only through a dedicated study. From the theoretical point of view, many of the considerations we made for the B 0 s modes can be extended to the B 0 ones by adjusting only a few points. Apart from the exchange of masses, decay constant, CKM factors and lifetime, these points include

• φ ( ) resonances should be replaced by ρ, ω. . . resonances [START_REF] Melikhov | Rare radiative leptonic decays B 0 d,s → +γ[END_REF]. In this perspective, we emphasize the importance of B 0 → ργ and B 0 → ωγ experimental measurements that can be crucial to reduce the theoretical error of the branching ratio prediction.

• Experimental data can be adapted in the parametrization of B 0 s → γ and B 0 → γ form factors. However it appears that these two sets of form factors only differ by a few percent and we will considered them equal in the following.

In this section we proposed methods to reduce the theoretical uncertainty on B(B 0 s → µ + µ -γ). We studied two q 2 regions, below and above charmonium resonances and provided predictions in these ranges. Although the uncertainty on these observables are still large, they are sufficiently under control to make B 0 s → µ + µ -γ a viable probe of NP. In the next section, we will discuss the parenthood between B 0 s → µ + µ -γ and B 0 s → µ + µ -at very large q 2 and propose a novel method to experimentally probe this decay.

Novel measurement strategy

As we will see in Part II, the measurement of radiative hadron decays is usually more challenging than their non-radiative counterparts. This is due to various reasons. First of all, the detection and reconstruction efficiency of a photon is typically smaller than the one of charged tracks. Secondly, the energy being shared with the additional photon, the other children particles are softer, yielding smaller trigger and reconstruction efficiencies. Moreover, the invariant mass reconstructed in decays containing neutrals has, at these energies, a much poorer resolution than in decays containing only charged tracks. By comparing the results obtained in Part II to the one of the B 0 s → µ + µ -analysis [START_REF] Aaij | Measurement of the B 0 s → µ + µbranching fraction and effective lifetime and search for B 0 → µ + µdecays[END_REF], we see e.g. that considering a photon enlarges the signal width by a factor 4 to 5. This in turn leads to a larger background under the signal peak. The above considerations hold in particular for hadron-collider experiments, due to the high occupancy of typical events, and
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for low-energy processes such as those of interest in flavour physics. Despite these difficulties, rare radiative decays with branching ratios of order 10 -6 -10 -7 have been observed and exploited for NP searches by several experiments (see [START_REF] Blake | Rare B Decays as Tests of the Standard Model[END_REF] for a recent review). However, the rates just mentioned are still very 'abundant' if compared to the B 0 s → µ + µ -decay and its radiative counterpart. This section, adapted from [START_REF] Dettori | B 0 s → µ + µγ from B 0 s → µ + µ[END_REF], is devoted to an alternative method to search for B 0 s → µ + µ -γ events. Basically, the method consists in measuring B 0 s → µ + µ -γ as "contamination" to B 0 s → µ + µ -, by suitably enlarging downward the signal window. This possibility requires a number of qualifications, since the B 0 s → µ + µ - measurement itself comes with some subtleties as far as photons are concernednotably the treatment of soft final-state radiation.

The radiative tail of B

0 s → µ + µ -
In an idealised measurement, the B 0 s → µ + µ -decay appears as a peak in the invariant mass squared of the two final-state muons, with negligible intrinsic width. 12 As discussed above eq. (1.28), the 'definition' of the final-state muons is complicated by the fact that they emit soft bremsstrahlung, giving rise to B 0 s → µ + µ -+ nγ decays, with the n photons undetected. This contribution skews downwards the peak region of the B 0 s → µ + µ -distribution, as shown by the dotted orange curve of Fig. 1.6. In order to compare the measured B 0 s → µ + µ -rate with the theoretical one (1.8), the mentioned soft-radiation tail due to B 0 s → µ + µ -+ nγ needs to be accounted for. For example, a B 0 s → µ + µ -signal window extending down to about 5.3 GeV is equivalent to a single-photon energy cut E γ 20 -100 MeV, amounting to a negative shift of B(B 0 s → µ + µ -) as large as 15% [138]. Experimentally, the radiative tail is obtained and taken into account using Monte Carlo B 0 s → µ + µ -events with full detector simulation and with bremsstrahlung photon emission modelled through the Photos application [START_REF] Golonka | PHOTOS Monte Carlo: A Precision tool for QED corrections in Z and W decays[END_REF]. The advantage of this approach over the analytic one [138] is that the correction factor is already adjusted for detector efficiencies.

For softer and softer photons (or equivalently for q 2 closer and closer to the B 0 s peak region), the single-photon component in B(B 0 s → µ + µ -+ nγ) is expected to match the radiative branching ratio B(B 0 s → µ + µ -γ), as computed in section 1.1.3 to leading order in α em . This is indeed the case, as shown by comparing the solid blue distribution with the dotted orange one in Fig. 1.6. We can actually go further in this comparison by separating the FSR and ISR contributions. This separation makes sense to the extent that we can identify two regions in q 2 where only one of the two contributions is dominant. The breakup of the B 0 s → µ + µ -γ spectrum into its different components is likewise reported in Fig. 1 s → µ + µ -γ spectrum (solid blue) -calculated in section 1.1.3, denoted as MN in the legend -into its pure ISR component (long-dashed blue), FSR one (medium-dashed blue), and ISR-FSR interference (dot-dashed blue). We also report the B 0 s → µ + µ -+ nγ spectrum in the soft-photon approximation (dotted orange) from Ref. [138], denoted as BGGI in the legend.

FSR contribution is dominant for soft photons (or high q 2 ), whereas the ISR one dominates for harder and harder photons, namely as q 2 decreases from the peak region. The crossover region between the two contributions is at q 2 ≈ 5.0 GeV. More importantly for our purposes, the contribution from the interference term is always below 1% of the total spectrum. This holds true fairly generally also beyond the SM. In particular, shifts in C 9 and C 10 with opposite sign with respect to the respective SM contributions, as hinted at by the recent b → s discrepancies mentioned in the introduction, tend to decrease the interference term even further. As a consequence, the ISR and FSR contributions can be treated as two basically independent spectra.

B

0 s → µ + µ -γ as a background of B 0 s → µ + µ -
In short, to the extent that the FSR contribution can be systematically accounted for, as it is the case for B 0 s → µ + µ -searches, one can measure the ISR component of the B 0 s → µ + µ -γ spectrum -and thereby the B 0 s → µ + µ -γ differential rate -as "contamination" of B 0 s → µ + µ -candidate events as the signal window is enlarged downwards. We note that such contamination is, in principle, already present in existing B 0 s → µ + µ -searches. However, it is negligible in the typical signal window around the B 0 s → µ + µ -peak, and its smooth distribution can be absorbed in other background distributions due, for example, to combinatorial background or partially reconstructed B decays. For this reason it was typically not included as separate component in recent B 0 s → µ + µ -decay measurements [START_REF] Aaij | Measurement of the B 0 s → µ + µbranching fraction and effective lifetime and search for B 0 → µ + µdecays[END_REF][START_REF] Aaij | Measurement of the B 0 s → µ + µbranching fraction and search for B 0 → µ + µdecays at the LHCb experiment[END_REF][START_REF] Chatrchyan | Measurement of the B 0 s → µ + µbranching fraction and search for B 0 → µ + µwith the CMS Experiment[END_REF][START_REF] Aaboud | Study of the rare decays of B 0 s and B 0 into muon pairs from data collected during the LHC Run 1 with the ATLAS detector[END_REF].
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On the other hand, as the signal window is enlarged downwards, the ISR component of the B 0 s → µ + µ -γ spectrum becomes sizable. fraction of the full B 0 s → µ + µ -γ spectrum as a function of the chosen value for q 2 min for the SM case, as well as for the two scenarios that best fit the b → s anomalies: one with a V -A shift to C 9 and C 10 , and such that δC 9 = -12% C SM 9 , the other with a C 9 -only shift such that δC 9 = -30% C SM 9 . The figure reveals that this fraction is larger within the SM than in the considered NP scenarios. For example, it is about 4.8% in the SM for a B 0 s → µ + µ -signal window extending down to q 2 min = 4.6 GeV, whereas it is about 4% in the V -A scenario. We also note that the associated event yield is large, comparable to that for the B 0 s → µ + µ -signal thanks to the larger branching ratio eq. (1.39). The expected size of the B 0 s → µ + µ -γ spectrum is displayed in Fig. 1.8, by superimposing this spectrum of the LHCb B 0 s → µ + µ -analysis of Ref. [START_REF] Aaij | Measurement of the B 0 s → µ + µbranching fraction and search for B 0 → µ + µdecays at the LHCb experiment[END_REF] 13 . We show the case of a SM signal as well as the NP case mentioned earlier, namely δC 9 = -δC 10 = -12% C SM 9 . From the absolute size of these curves we can already infer that NP scenarios with the B 0 s → µ + µ -γ spectrum enhanced by orders of magnitude with respect to the SM are unlikely in the light of data: as shown in Fig. 1.8, a factor of 10 enhancement would result in a substantial distortion of the measured spectrum s → µ + µ -) [START_REF] Aaij | Measurement of the B 0 s → µ + µbranching fraction and search for B 0 → µ + µdecays at the LHCb experiment[END_REF] overlayed with the contribution expected from B 0 s → µ + µ -γ decays (ISR only). Assumes flat efficiency versus m µ + µ -. The line denoted as 'B 0 s → µ + µ -γ NP' refers to the case with δC 9 = -δC 10 = -12% C SM 9 (see also Fig. 1.7). The two filled curves are not stacked onto each other. from q 2 5.1 GeV downwards. The B 0 s → µ + µ -γ spectrum shown in Fig. 1.8 is obtained from our theoretical calculation, i.e. it is not a fit to existing B 0 s → µ + µ -data nor on signal simulation. Specifically, the spectrum assumes that normalization and efficiency are equal to those of the B 0 s → µ + µ -distribution itself. This is exactly true by definition at the endpoint q 2 = m 2 B 0 s , and increasingly less so for lower masses, due to the various selection criteria. For example, B 0 s → µ + µ -analysis enforces pointing requirement with respect to the primary interaction vertex (this quantity is referred to as direction angle and will be widely used in Part II), and the latter is less satisfied when an additional undetected photon is present. The actual spectrum will therefore be distorted and will have to be extracted from Monte Carlo simulations of the considered experiment and analysis.

With enough statistics, one can go beyond the integrated B 0 s → µ + µ -γ branching ratio, and measure the B 0 s → µ + µ -γ spectrum. In fact, shifts to the differential branching ratio are roughly linear in shifts to C 9 or C 10 . Therefore, for a C 9 or C 10 deviation of the order of 15% (as hinted at by the global fits to b → s data), the corresponding variation in the spectrum is expected to be about 15% as well. Barring experimental uncertainties and assuming a Poissonnian distribution, a fit to the data could resolve such shift at one standard deviation for an event yield of about 50.
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The above argument is of statistical nature only, i.e. it disregards systematic uncertainties. There are two prominent sources of such errors. The first is the theoretical error associated to the B 0 s → µ + µ -γ spectrum prediction discussed in the previous sections. The dominant source of uncertainty in this respect is by far the one associated to the B 0 s → γ vector and axial form factors, defined from the relations (1.13). As described in Fig. 1.7, the level of accuracy of this parametrization is currently not sufficient to clearly resolve the effects expected from new physics. However, what is needed for the proposed method are the form factors in the high-q 2 range close to the kinematic endpoint. This range is, as already discussed, the preferred one for lattice-QCD simulations.

The second potential source of systematic uncertainty for our method is of experimental nature. The impact of this uncertainty depends on the actual possibility to well constrain the other background components populating the signal window as it is enlarged towards lower values. This part of the spectrum, in addition to combinatorial background, consists mainly of the following decays [START_REF] Aaij | Measurement of the B 0 s → µ + µbranching fraction and effective lifetime and search for B 0 → µ + µdecays[END_REF] • semileptonic decays in the form B → h ± µ ∓ ν(+X), where h is a pion or kaon misidentified as muon and X can be any other possible hadron (not reconstructed);

• rare decays such as B 0,+ → h 0,+ µ + µ -, which do not need any misidentification;

• decays including charmonium resonances, e.g. B + c → J/ψ µ + ν, where the signal is obtained with one of the two muons of the J/ψ . These events are usually tackled by vetoing muons that can form a J/ψ with any muon of the event. The mass distribution of the remaining events is quite different from the one expected for B 0 s → µ + µ -γ events, so these decays should not be problematic.

The yields of semileptonic decays can be constrained from control channels directly in data so we don't expect them to spoil the fit. Rare decays are potentially more worrisome; as an example the B 0 → π 0 µ + µ -decay is not yet observed experimentally and is currently constrained using the spectral shape measured from the B + → π + µ + µ -decay and theoretical estimates of the ratio of the two branching fractions [START_REF] Khachatryan | Observation of the rare B 0 s → µ + µdecay from the combined analysis of CMS and LHCb data[END_REF][START_REF] Aaij | Measurement of the B 0 s → µ + µbranching fraction and search for B 0 → µ + µdecays at the LHCb experiment[END_REF]. Depending on the pollution of these backgrounds, as measured on simulated samples, some of the B 0 s → µ + µ -analysis parameters can also be adapted. For example more stringent particle identification constraints can diminish the impact of misidentified decays.

Beyond B

0 s → µ + µ -γ decays
We emphasize that our proposed method is potentially applicable to several other decays -in principle the radiative counterpart of any two-body decay whereby the initial-state meson mass is completely reconstructible. Straightforward examples

B (s) → γ AS A TEST FOR NEW PHYSICS

would be all the other B q → + -γ modes, for which the only existing limits concern B 0 → e + e -γ or µ + µ -γ with a technique based on explicit photon reconstruction [START_REF] Aubert | Search for the decays B 0 → e + eγ and B 0 → µ + µγ[END_REF]. We note however that for the electron mode, the branching ratio of the non-radiative decay is highly suppressed by the chiral factor, yielding a SM predictions far from current experimental sensitivity. The direct probe of B 0 (s) → e + e -γ is therefore certainly more promising.

Assuming that the B 0 s → µ + µ -γ component is under control, the B 0 s → µ + µ - tail could also be used to constrain light particles with flavour-violating couplings to b-quarks, such as the QCD axion [START_REF] Albrecht | Probing flavoured Axions in the Tail of B q → µ + µ[END_REF].

In conclusion, we presented a novel method for the extraction of the high q 2 spectrum of the B 0 s → µ + µ -γ decay. The method avoids the drawbacks of explicit photon reconstruction, and takes advantage of the fact that this spectrum inevitably contaminates the B 0 s → µ + µ -event sample as the q 2 signal window is enlarged downward. Fig. 1.8 shows that order-of-magnitude enhancements of the B 0 s → µ + µ -γ decay rate are unlikely, already in the light of existing data below q 2 5.1 GeV. More likely, the measurement will involve a dedicated fit by experiments, and this is where our method may make the difference. This method will first be used in LHCb's Run II update of the B 0 s → µ + µ -, providing the first indirect probe of B 0 s → µ + µ -γ. A dedicated, and more involved, analysis will follow on the same dataset and is expected to provide the first indirect measurement of this branching ratio.

As widely discussed, this method is efficient because the additional photon lifts the chiral suppression factor, hence enlarging the total branching ratio. An immediate question is whether this property can also make the measurement of other very rare decay possible. This is already the case in the electron channel, where the enhancement is as large as 10 5 . In the next section, we will show that this is also the case for lepton flavour violating decays such as B (s) → γ.

B (s) → γ as a test for New Physics

As already mentioned in the Introduction and developed in section 3.1, current data seem to favour a NP scenario where C µµ 9 = -C µµ 10 i.e. a lepton current that is approximately of the form V -A. The maybe simplest model that can account for this shift is obtained assuming that the new physics part of the Hamiltonian eq. (1.1) is due to a third-generation interaction [START_REF] Glashow | Lepton Flavor Violation in B Decays?[END_REF] 

H NP = G ( b L γ λ b L ) (τ L γ λ τ L ) , (1.42)
where G G F is a new-physics Fermi constant and the primed field are the field in the interaction basis, above electroweak symmetry breaking (EWSB). This effective interaction can arise after integrating out heavy degrees of freedom (Z , leptoquarks. . . ) of any UV theory.

Rotating the primed fields from the interaction basis to the basis of masseigenstates involve two rotation matrices

b L ≡ d L3 = 3 i=1 U d L3i d Li , τ L ≡ L3 = 3 i=1 U L3i Li . (1.43)
For example, using these definitions, the new-physics contribution to b → sµµ transition reads

H NP (b → sµµ) = G U d * L33 U d L32 |U L32 | 2 ( bL γ λ s L ) (μ L γ λ µ L ) + h.c. , (1.44) 
and the parameters, G and U d, L3i can be estimated from theory and experimental arguments. For instance, the hierarchy of the CKM matrix suggests that

|U d L31 | |U d L32 | |U d L33 |
, and the same relation is favoured for the leptons by current data.

In the absence of further assumptions, it is clear from this simplified model that lepton non universality (LNU) also implies non-standard violation of the lepton flavour (LFV). Assuming the interaction (1.42), the amount of LNU pointed to by the B anomalies actually allows to quantify rather generally the expected amount of LFV [START_REF] Glashow | Lepton Flavor Violation in B Decays?[END_REF]. In fact, anticipating again on the global fit performed in section 3.1, the ratio between the NP and the SM+NP contributions to C µµ 9,10 can be estimated to

ρ NP ≡ δC µµ 9 C SM 9 + δC µµ 9 = -0.150 ± 0.23 (1.45) Then B(B → K ± i ∓ j ) B(B + → K + µ + µ -) 2ρ 2 NP |U L3i | 2 |U L3j | 2 |U L32 | 4 , (1.46) implying B(B → K ± i ∓ j ) 4.5% B(B + → K + µ + µ -) |U L3i | 2 |U L3j | 2 |U L32 | 4 1.9 × 10 -8 |U L3i | 2 |U L3j | 2 |U L32 | 4 , ( 1.47) 
where we used B(B

+ → K + µ + µ -) 4.3 × 10 -7 [55]
, and neglected phase-space differences across the different possible lepton final states. 14 Eq. (1.47) tells us that LFV B → K decays are expected to be in the ballpark of 10 -8 times an unknown factor involving U L matrix entries. In the i j = eµ case, this ratio reads |U L31 /U L32 | 3.7 [START_REF] Glashow | Lepton Flavor Violation in B Decays?[END_REF], implying that the B → Kµe rate may be around 10 

B(B 0 s → ± i ∓ j ) 4.5% B(B 0 s → µ + µ -) |U L3i | 2 |U L3j | 2 |U L32 | 4 . (1.48)
Therefore, purely leptonic LFV decays of the B 0 s may well be within the reach of LHCb Run II, if the U -matrix factor on the r.h.s. is of order unity (or larger!) for at least one LFV mode. 15Due to the experimental challenges in the reconstruction of decays including τ , B 0 s → eµ is probably, despite the possible U L -matrix suppression, one of the easiest decay to access among the purely leptonic LFV modes. The current experimental status of LFV searches in B decays is the following.

• The full Run I search for B + → K + µe decays now probes the 10 -9 scale with the 90% CL limits B(B + → K + µ + e -) < 6.4 × 10 -9 and B(B + → K + µ -e + ) < 7.0 × 10 -9 [START_REF] Aaij | Search for Lepton-Flavor Violating Decays B + → K + µ ± e ∓[END_REF].

• Tauonic final states are very challenging at LHCb. The missing energy due to the unmeasured neutrino(s) makes selection strategies based on the precise reconstruction of the vertices less efficient. The kinematics can be closed by the consideration of the τ → πππν final state or, as proposed recently, using the B * s2 → B + K -decay. The second method allowed to set the 90% CL limits B(B → Kµ -τ + ) exp < 3.9 × 10 -5 [START_REF] Aaij | Search for the lepton flavour violating decay B + → K + µτ + using B * 0 s2 decays[END_REF]. This bound is not far from the best limits set by the Babar collaboration B(B → Kµ + τ -) exp < 4.5 × 10 -5 and B(B → Kµ -τ + ) exp < 2.8 × 10 -5 [START_REF] Lees | A search for the decay modes B +-→ h +τ +l[END_REF].

• As concerns purely leptonic final states, the decay B 0 s → τ µ also suffers from the τ reconstruction efficiency. The latest 95% CL limit reads B(B 0 s → τ µ) < 4.2 × 10 -5 [START_REF] Aaij | Search for the lepton-flavour-violating decays B 0 s → τ ± µ ∓ and B 0 → τ ± µ ∓[END_REF], relatively far from what we can expect from eq. (1.48).

• For B 0 s → µe, a full Run I measurement yielded the the 90% CL limit B(B 0 s → µe) < 5.4 × 10 -9 [START_REF] Aaij | Search for the lepton-flavour violating decays B 0 (s) → e ± µ ∓[END_REF]. Note that this limit is even better than the latest limit B(B 0 s → ee) < 9.4 × 10 -9 [START_REF] Aaij | Search for the rare decays B 0 s → e + eand B 0 → e + e[END_REF] thanks to the presence of a muon and of a smaller background.

All these measurements will benefit from the large luminosity and trigger performances foreseen at LHCb Run III, as well as the upcoming results from Belle II. NOVEL OBSERVABLES In this context, it is very useful to search for additional decays, that can give access to the same physics, while being comparably (or, hopefully, more) accessible experimentally. In the B 0 s → µe channel, one such 'proxy' decay is provided by the inclusion of an additional hard photon in the final state. In fact, as in the case of B 0 s → µ + µ -γ, the additional photon replaces the chiral-suppression factor, of order max(m 1 , m 2 ) 2 /m 2 B 0 s , with a factor of order α em /π. In the case of the µe channel these two factors are respectively 4 × 10 -4 and 2 per mil. The actual enhancement of B(B 0 s → µeγ) over the non-radiative counterpart needs to be worked out by explicit calculation.

In this section, adapted from [START_REF] Guadagnoli | More Lepton Flavor Violating Observables for LHCb's Run 2[END_REF], we thus compute the decay of a generic pseudo-scalar meson to + 1 -2 γ, and study in detail the cases of B 0 s , B 0 , K as initial state and of µe as final state. (To fix notation, formulas are given for B q .) We subsequently compare the resulting radiative rates with the non-radiative ones. We find an O(1) factor for the B q cases and at the percent level for the kaon case.

Observables

Eq. (1.42) yields a shift in the Wilson coefficient of the Hamiltonian eq. (1.1) that reads

δC 1 2 9 = -δC 1 2 10 = G 2 U d * L33 U d L3q U * L3 2 U L3 1 -4G F √ 2 λ (q) t αem(m b ) 4π , ( 1.49) 
where λ

(q) t = V * tq V tb .
The four diagrams found to contribute to the process B q → + 1 -2 γ are given in Fig. 1.9, where the black dot denotes the insertion of the operators O 1 2

9

or O 1 2 10 defined in eq. (1.2).

(e') (f') (g') (h')

B0 q b q γ ℓ + 1 ℓ - 2 B0 q b q γ ℓ + 1 ℓ - 2 B0 q b q ℓ + 1 ℓ - 2 γ B0 q b q ℓ + 1 ℓ - 2 γ Figure 1
.9: Subset of diagrams Fig. 1.1 contributing to B q → ¯ 1 2 γ, within the interaction in eq. (1.42). Here the black dot denotes the insertion of O 1 2

9

or O 1 2 10 .

The same computation as the one done in sections 1.1.2 and 1.1.3 for the case

1 = 2 yields d 2 Γ (1) dŝ d t = G 2 F α 3 em M 5 Bq 2 10 π 4 |λ (q) t | 2 x 2 B (1) 0 + x ξB (1) 1 + ξ 2 B (1) 2 
, (1.50)

d 2 Γ (2) dŝ d t = G 2 F α 3 em M 5 Bq 2 10 π 4 |λ (q) t | 2 f Bq M Bq 2 1 ( t -m2 2 ) 2 (û -m2 1 ) 2 × x 2 B (2) 0 + x ξB (2) 1 + ξ 2 B (2) 2 ,
(1.51)

1.4. B (s) → γ AS A TEST FOR NEW PHYSICS d 2 Γ (12) dŝ d t = G 2 F α 3 em M 5 Bq 2 10 π 4 |λ (q) t | 2 f Bq M Bq 1 ( t -m2 2 )(û -m2 1 ) × x 2 B (12) 0 + x ξB (12) 1 + ξ 2 B (12) 2 , ( 1.52) 
with two slight differences with respect to 1.1.3. First, ŝ, t and û (defined as in eq. (1.25)) now fulfil the constraint ŝ + t + û = 1 + m2 1 + m2 2 . And second, we now have

ξ ≡ û -t + m2 2 -m2 1 ŝ . (1.53)
The B (j) i functions are defined as follows:

B (1) 0 = V 2 ⊥ (ŝ) + V 2 (ŝ) × (1.54) ŝ - M 2 m2 ŝ |C 9 | 2 + |C 10 | 2 + 4 m1 m2 |C 9 | 2 -|C 10 | 2 , B (1) 1 = 8ŝ V ⊥ (ŝ)V (ŝ)Re (C 9 C * 10 ) , B (1) 2 = ŝ V 2 ⊥ (ŝ) + V 2 (ŝ) |C 9 | 2 + |C 10 | 2 , (1.55) B (2) 0 = 2 M 2 2ŝ ρ (1 -m2 ) + x 2 1 - M 2 m2 ŝ2 |C 10 | 2 + 2 m2 2ŝ ρ (1 -M 2 ) + x 2 1 - M 2 m2 ŝ2 |C 9 | 2 , B (2) 1 = 4x 2 M m ŝ M 2 |C 10 | 2 + m2 |C 9 | 2 , B (2) 2 = 2 M 2 2ŝ( m2 -1) -x 2 |C 10 | 2 + (1.56) 2 m2 2ŝ( M 2 -1) -x 2 |C 9 | 2 , (1.57) B (12) 0 = 8x V ⊥ (ŝ) m2 1 + m2 2 - M 2 m2 ŝ Re (C 9 C * 10 ) - 4 M m ŝ V (ŝ) ( M 2 -ŝ)(1 -m2 )|C 10 | 2 + ( m2 -ŝ)(1 -M 2 )|C 9 | 2 , B (12) 1 = 8x M m V ⊥ (ŝ)Re (C 9 C * 10 ) + 4xV (ŝ) M 2 |C 10 | 2 + m2 |C 9 | 2 , B (12) 2 = -4ŝ M m V (ŝ) |C 10 | 2 + |C 9 | 2 , ( 1.58) 
where

M = m1 + m2 , m = m2 -m1 , ρ = (ŝ -M 2 )(ŝ -m2 ) ŝ2 .
(1.59)
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In the lepton-flavour conserving limit 1 = 2 , these equations reproduce the C 9,10 part of the results of section 1.1.3. For the

V (Bq) ⊥,
form factors we still use the parametrization eq. (1.15), recalling that within few percent, the B 0 s → γ form factors coincide with the B 0 → γ ones. Such differences are clearly negligible in our context.

The branching ratio for the corresponding non-radiative decay

B q → + 1 - 2 reads B(B q → + 1 - 2 ) = τ Bq G 2 F α 2 em M 3 Bq f 2 Bq 2 6 π 3 |λ (q) t | 2 √ ρ × (1.60) (1 -m2 )|F P + M C 10 | 2 + (1 -M 2 )|F S -mC 9 | 2 ,
with

F S,P = M Bq m b C S,P -m q C S,P m b + m q .
(1.61)

In the lepton-flavour conserving limit this formula reproduces exactly eq. (1.8).

Numerical Analysis

The BR predictions will depend on two basic parameters, the overall strength G of the interaction in eq. (1.42), and the product of four chiral rotations turning the fermion fields ( b b )(τ τ ) into the fields relevant for the process, ( bq)( ¯ 2 1 ). This product of four U -matrix entries will be denoted as U 4 for brevity.

The parameters G and U 4 are completely unknown and we have at best some guiding criteria to fix them to reasonable ranges:

• Since, for a given process, G and U 4 always appear as a product, it is always possible to shuffle an arbitrary numerical factor between G and U 4 . As a consequence, to fix a reasonable range for G with any confidence, one may consider predictive models for U 4 , as in ref. [START_REF] Guadagnoli | Charged-Lepton Mixing and Lepton Flavor Violation[END_REF] (see also [START_REF] Boucenna | Are the B decay anomalies related to neutrino oscillations?[END_REF]). One obtains new-physics scales Λ N P = 1/ √ G between 750 GeV and 5 TeV. 16 We then assume 4 × 10 -8 GeV ≤ G ≤ 2 × 10 -6 GeV.

• The neutrino mixing matrix (as known as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix) anarchy suggests that the leptonic part of U 4 may be of O(1). As concerns the U d L matrix entries 33 and 3q, one can assume them to be close in magnitude to the CKM entries V tb and V tq respectively 17 . We therefore consider the range 10 -4 ≤ U 4 ≤ 0.05, keeping in mind that B 0 s would correspond to U 4 ∼ |V ts | 0.04 and B 0 to U 4 ∼ |V td | 0.008.
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To get an idea of the resulting predictions, we note that the upper limit B(B 0 s → µ ± e ∓ ) < 5.4 × 10 -9 from LHCb [START_REF] Aaij | Search for the lepton-flavour violating decays B 0 (s) → e ± µ ∓[END_REF] corresponds to G × U 4 = 8.9 × 10 -9 , which is 10 times smaller than the product of our highest allowed values for G and U 4 . A general picture of the predictions for the B s → µeγ branching ratio and its non-radiative counterpart as a function of G vs. U 4 in the above-mentioned ranges is presented in Fig. 1.10. The gray area denotes the parameter space excluded by the LHCb B 0 s → µe search of ref. [START_REF] Aaij | Search for the lepton-flavour violating decays B 0 (s) → e ± µ ∓[END_REF]. s → e ± µ ∓ ) (orange, dashed) as a function of G vs. the product of U -matrix entries appearing in eq. (1.49), and denoted as U 4 . (See text for more details.) The gray area is excluded by the LHCb upper limit on the non-radiative decay [START_REF] Aaij | Search for the lepton-flavour violating decays B 0 (s) → e ± µ ∓[END_REF].

The figure shows that the radiative mode is slightly enhanced with respect to the non-radiative counterpart. Actually, within our considered model, where the shifts to C 1 2 9 and C 1 2 10 differ only by a sign, the |G × U 4 | 2 dependence cancels altogether in the radiative over non-radiative ratio, and we find

B(B 0 s → µeγ) B(B 0 s → µe) = 1.3 , B(B 0 → µeγ) B(B 0 → µe) = 1.2 , B(K → µeγ) B(K → µe) = 2.7×10 -2 . (1.62)
These numbers can be intuitively understood as follows. First note that the Bremsstrahlung contribution dΓ (2) to the radiative decay comes with a factor of (f /M ) 2 , with M the mass of the decaying meson and f its decay constant, as well as with a chiral suppression factor. On the other hand, both of these suppression CHAPTER 1. BETWEEN THEORY AND EXPERIMENT: DEFINITION OF NOVEL OBSERVABLES factors are absent in the direct-emission contribution dΓ (1) . Therefore, the radiative decay will be competitive with the non-radiative one -the latter also (f /M ) 2 as well as chirally suppressed -to the extent that the direct-emission contribution can dominate, which occurs whenever f /M is small enough, that is the case for both B 0 and B 0 s , but not for kaons. In other words, the larger the ratio M/f , with M the mass of the decaying meson and f its decay constant, the larger the parametric enhancement of the radiative decay over the non-radiative counterpart.

It is clear that for the K case, the radiative mode is too suppressed to be potentially interesting, unless the K → µe mode is found at an unexpectedly large rate. The current experimental limit on this mode reads B(K L → µ ± e ∓ ) < 4.7 × 10 -12 [START_REF] Ambrose | New limit on muon and electron lepton number violation from K L → µ ± e ∓ decay[END_REF]. Although LHCb is not designed for the study of kaon decays, simulations show that it could improve the limit on the K L and set the first limit on K S after the Upgrade II [START_REF] Borsato | Effective-field-theory arguments for pursuing lepton-flavor-violating K decays at LHCb[END_REF].

Assuming experimental efficiencies for radiative and non-radiative cases to be comparable, the measurement of the B q radiative decay along with the nonradiative one offers a precious cross-check of the new-physics mechanism responsible for a possible LFV signal. It will be clear in the second part that this assumption does not hold in a hadronic collider where the large photon background requires stronger constraints on the kinematics. For B 0 s → µ + µ -γ decays at LHCb, the reconstruction and selection efficiencies are found to be around one order of magnitude smaller than for the non-radiative B 0 s → µ + µ -decay. On the other hand LFV decays benefit from much lower peaking backgrounds as the latter only comes from mis-identified decays. An additional challenge may also arise from the separation between the final state photon and material-induced bremsstrahlung of the electron. All these considerations require a specific study based on simulated signal. We also note that a method similar to the one proposed is section 1.3, namely the partial reconstruction of the radiative decay, can a priori not be applied for LFV decays as it hinges on the non-radiative dataset which in our case is obviously not present.

Conclusion

In this section we generalized the study of B 0 s → γ decays to LFV decays. LFV is theoretically motivated by the hints of LNU and the fact that without additional mechanisms the latter imply the former. The search for LFV decays is however experimentally challenged by the small expected branching ratios and limited reconstruction of tau leptons. We showed that adding a photon to the final of B → decays can enhance the expected branching ratio of these decays by lifting the chiral suppression factor. B → γ therefore offers an additional channel to look for LFV at collider and particularly at Belle II. This section closes this first chapter dedicated to radiative leptonic decays. We showed in particular that B (s) → γ decays possess a very rich phenomenology

B (s) → γ AS A TEST FOR NEW PHYSICS

and offer stringent probes of the SM. The theoretical uncertainties attached to the prediction of their SM branching ratio are mainly due to resonances at low-q 2 and to the from-factors that describe the B → γ transition. These form-factors are now computed in the high energetic photon regime and should be estimated on the lattice in the other regime, where the photon is soft. The uncertainty on these form-factors however cancels in a large extent in the ratio of two different leptonic final states, making this ratio a precise test of flavour universality. Concerning the meson resonances, we showed that exploiting related experimental measurements permits a reduction of the attached uncertainty.

The discussions proposed in this chapter will serve as guide for the experimental analysis presented in Part II. The modest reconstruction of photons in LHCb motivates an alternative method to probe B 0 s → µ + µ -γ. This novel method consists in measuring this radiative decay on the shoulders of B 0 s → µ + µ -. A scrupulous study of the backgrounds polluting the low-mass side-band of B 0 s → µ + µ -should allow a first measurement of B(B 0 s → µ + µ -γ) already at LHCB's Run II. These measurements will in the end offer crucial cross-checks of the current B anomalies. In this chapter we will study theoretical implications of the anomalies in b → s and b → c transitions. In section 2.1, we discuss the possibility of building models that explain both sets of measurements. We will see that this approach is challenged by low-energy measurements, but can still be achieved in model involving leptoquarks. In section 2.2 we propose another approach to b → s anomalies that results in an effective model that passes all experimental constraints.

Interpreting the B-anomalies

Assuming that b → c and b → s anomalies are more than a statistical fluctuation, it is natural to look for a combined explanation to both sets of observables. The immediate difficulty of this approach is that, although the shifts implied on the amplitude are quantitatively equivalent (15% w.r.t. the SM contribution), b → c data require a correction to a tree-level process while the b → s ones imply the same correction but to a loop-induced amplitude. This qualitative difference requires a tuning of the NP contribution to achieve different size of effect in the two CHAPTER 2. THEORETICAL APPROACHES transitions. Before discussing such models, let us first come back to the simplified NP model presented in section 1.4.

Beyond the simplest model

The main issue of eq. (1.42) is that the underlying NP scale is larger than the EWSB scale. This implies that the operators generated when one integrates out the NP must be invariant under the unbroken SM gauge group [START_REF] Bhattacharya | Simultaneous Explanation of the R K and R D ( * ) Puzzles[END_REF]. We therefore replace the left-handed fields b L and τ L with the SU (2) L doublets Q 3 and L 3 . Two operators can then give rise to eq. (1.42

) 1 H (1) NP = G (1) ( Q 3 γ λ Q 3 ) ( L 3 γ λ L 3 ) , ( 2.1) 
H (3) NP = G (3) ( Q 3 γ λ σ a Q 3 ) ( L 3 γ λ σ a L 3 ) , ( 2.2) 
where G (1) and G (3) are both at the new-physics scale, G (1,3) ∼ 1/Λ 2 NP , but not necessarily equal and σ a are Pauli matrices.

Although this new setup limits the predicting power of the model by adding new parameters, it comes with the very interesting feature that it also involves charged current. Indeed eq. (2.2), once rotated to the basis of mass eigenstates, contains the operator ( bL γ λ c L ) (τ L γ λ ν L ), the very one responsible for R D ( * ) anomalies. This means that in the simplest scenario, charged and neutral anomalies are naturally related by the SM SU (2) L symmetry. Within this model, the new physics Hamiltonian eq. (1.44) now reads

H NP = U * L3k U L3l (G (1) + G (3) ) U u * L3i U u L3j (ū Li γ λ u Lj ) (ν Lk γ λ ν Ll ) (G (1) -G (3) ) U u * L3i U u L3j (ū Li γ λ u Lj ) ( ¯ Lk γ λ Ll ) (G (1) -G (3) ) U d * L3i U d L3j ( dLi γ λ d Lj ) (ν Lk γ λ ν Ll ) (G (1) + G (3) ) U d * L3i U d L3j ( dLi γ λ d Lj ) ( ¯ Lk γ λ Ll ) 2G (3) (U u * L3i U d L3j (ū Li γ λ d Lj ) ( ¯ Lk γ λ ν Ll ) + h.c.) , (2.3) 
where neutrino masses have been neglected. Matching this Hamiltonian on the weak basis (1.2) as we did in eq. (1.49) yields

δC 1 2 9 = -δC 1 2 10 = - π α em G (1) + G (3) √ 2 G F U d * L33 U d L32 U * L3 2 U L3 1 λ t , ( 2.4) 
where we neglected RGE induced contributions, sub-dominant if

G (1) = ± G (3)
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[187]2 . Assuming C ee 9 = 0 the model therefore predicts

R K ( * ) ≈ |C SM 9 + δC µµ 9 | 2 |C SM 9 + δC ee 9 | 2 ≈ 1 - G (1) + G (3) 3.3 TeV -2 U d * L33 U d L32 |U L32 | 2 10 -3 , ( 2.5) 
where we used the SM value C µµ 9,SM = 4.07.

The same matching can be applied to the effective Hamiltonian describing the b → c transition

H eff = 4G F √ 2 V cb C L ij (cγ µ b L )( ¯ i γ µ ν j ) + h.c. , (2.6) 
and yield [START_REF] Feruglio | Revisiting Lepton Flavor Universality in B Decays[END_REF] 

C L ij = δ ij - G (3) √ 2 G F C 3 U u * L32 U d L33 U * L3i U L3j V cb , ( 2.7) 
where δ ij is the SM contribution due to the exchange of a W boson. Assuming

U * L32 U L32 U * L33 U L33 ∼ 1, as discussed around eq. (1.47), we found R D ( * ) R SM D ( * ) = j |C L 3j | 2 j |C L j | 2 =1,2 (2.8) 
≈ 1 - G (3) 8.3 TeV -2 U d L33 U d * L33 + V cs V cb U d * L32 . ( 2.9) 
From eqs. (2.5) and (2.8), it is clear that an appropriate choice of G (1) and G (3) allows for a combined explanation of R K ( * ) and R D ( * ) . However, the running of Hamiltonian (2.3) from the NP scale down to m b gives rise to non-zero contributions in a set of well tested observables [START_REF] Feruglio | Revisiting Lepton Flavor Universality in B Decays[END_REF]. For example, one of the most constraining observables is obtained by closing the top loop in the two first lines of eq. (2.3), yielding a RGE induced contribution to the operator ( ¯ L γ λ ν L ) (ν L γ λ L ). This operator is responsible for LFU breaking effects in τ → νν decays, tested at the per mil accuracy. In practice we can define the double ratio

R i τ ≡ B(τ → i νν)| SM+NP B(τ → i νν)| SM B(µ → eνν)| SM B(µ → eνν)| SM+NP . (2.10)
The experimental measurements read [188] R µ τ = 1.0022( 30) R e τ = 1.0060( 30) , (2.11) to be compared to the models prediction [187]

R µ τ = R e τ ≈ 1 + G (3) 125 TeV -2 .
(2.12)
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Assuming that the U -matrices contribution is of order unity, accounting for a 15% effect in eq. (2.8) requires an energy scale larger than 1 TeV, which is challenged by eq. (2.12) and the corresponding experimental measurements.

With a more complete study, as will be performed in the next chapter, one can show that the combined constraints from τ decays and Z observables strongly disfavor an explanation of both b → s and b → c anomalies based on the Hamiltonian (2.3) [START_REF] Feruglio | Revisiting Lepton Flavor Universality in B Decays[END_REF].

Model builder hurdles and leptoquarks

The study of the simple third-generation dominated scenario points out the difficulty of interpreting current data, as one needs to provide (i) a substantial correction (15-20%) to the vertex J q × J (J q( ) denote a lefthanded quark and lepton current respectively);

(ii) small shifts in J q × J q , constrained by meson mixings;

(iii) small shifts in J × J , constrained by lepton decays.

These items naturally disfavour models with an additional Z , W or Higgs boson, as making J q × J large in these scenarios would require either J q × J q or J × J to be large. This class of models is therefore severly constrained by low-energy observables (see e.g. [START_REF] Greljo | On the breaking of Lepton Flavor Universality in B decays[END_REF][START_REF] Buttazzo | B-physics anomalies: a guide to combined explanations[END_REF][START_REF] Boucenna | Non-abelian gauge extensions for B-decay anomalies[END_REF][START_REF] Buras | 331 models facing new b → sµ + µdata[END_REF][START_REF] Descotes-Genon | Nonminimal 331 model for lepton flavor universality violation in b→s decays[END_REF]) 3 . On the other hand, scenarios based on leptoquarks (LQ), fields that couples simultaneously to leptons and quarks, are highly advantaged. Indeed, in these scenarios, the J q × J vertex correction comes from a tree-level amplitude while the two other vertex corrections are loop-suppressed 4 .

LQs were extensively studied in the context of unified theories based on gauge groups embedding the SM (such as SU (5) [START_REF] Georgi | Unity of All Elementary Particle Forces[END_REF] or SO [START_REF] Higgs | Broken symmetries, massless particles and gauge fields[END_REF] in the case of Pati-Salam's model [START_REF] Pati | Lepton Number as the Fourth Color[END_REF]). 12 scalar or vector LQs with renormalizable couplings can be written and classified by their representation under the SM gauge group. Some of these fields violate the baryon number conservation requiring very large masses to avoid limits from proton lifetime, but the others have to satisfy much weaker constraints and present a very rich phenomenology at the TeV-scale [START_REF] Dorsner | Physics of leptoquarks in precision experiments and at particle colliders[END_REF].

Revisiting LQs in the context of B anomalies yields the following observations:

• Several LQ models offer an explanation of b → s or b → c anomalies. These models are summarized in Table 2.1. Among them, the U 1 is the only LQ that can explain both b → s and b → c anomalies5 [START_REF] Barbieri | Anomalies in B-decays and U (2) flavour symmetry[END_REF][START_REF] Buttazzo | B-physics anomalies: a guide to combined explanations[END_REF][START_REF] Hiller | Leptoquark Flavor Patterns & B Decay Anomalies[END_REF][START_REF] Bhattacharya | Simultaneous Explanation of the R K and R D ( * ) Puzzles: a Model Analysis[END_REF][START_REF] Angelescu | Closing the window on single leptoquark solutions to the B-physics anomalies[END_REF][START_REF] Kumar | Combined Explanations of the b → sµ + µand b → cτν Anomalies: a General Model Analysis[END_REF].

ALTERNATIVE PATH: A HORIZONTAL SYMMETRY

• Less minimalistic models, based on two scalar LQs, can also be constructed.

Recent attempts include models with S 1 and S 3 [START_REF] Buttazzo | B-physics anomalies: a guide to combined explanations[END_REF][START_REF] Fornal | Left-Right SU(4) Vector Leptoquark Model for Flavor Anomalies[END_REF][START_REF] Marzocca | Addressing the B-physics anomalies in a fundamental Composite Higgs Model[END_REF][START_REF] Crivellin | Simultaneous explanation of R D ( * ) and b → sµµ: the last scalar leptoquarks standing[END_REF][START_REF] Crivellin | Flavor Phenomenology of the Leptoquark Singlet-Triplet Model[END_REF][START_REF] Gherardi | Low-energy phenomenology of scalar leptoquarks at one-loop accuracy[END_REF] or R 2 and S 3 [START_REF] Bečirević | Scalar leptoquarks from grand unified theories to accommodate the B-physics anomalies[END_REF].

Model R K ( * ) R D ( * ) R K ( * ) & R D ( * ) S 1 = ( 3, 1) 1/3 * * R 2 = (3, 2) 7/6 * R 2 = (3, 2) 1/6 S 3 = ( 3, 3) 1/3 U 1 = (3, 1) 2/3 U 3 = (3, 3) 2/3
Table 2.1: Summary of models based on a single leptoquark mediator explaining some of the anomalies [START_REF] Angelescu | Closing the window on single leptoquark solutions to the B-physics anomalies[END_REF]. * means that the model can only partially allay the anomaly.

Although a simplified model based on the U 1 LQ is particularly attractive, one need to provide an ultraviolet completion for at least two reasons. First, this completion is required to obtain a mass term for the U 1 because it is a vector particle. Second, many contributions to loop-induced amplitudes, for instance for b → sνν decays or meson mixings, show a quadratic dependence on the energy cutoff [START_REF] Barbieri | Anomalies in B-decays and U (2) flavour symmetry[END_REF]. In a renormalizable, UV complete, model, all of these amplitudes would be calculable. Before entering the discussion of a simplified model with the U 1 in section 3.1 and a UV complete model in section 3.2, let us first come back to items (i)-(iii) discussed above.

As we said, new bosons with flavour universal couplings to J q and J are highly constrained by low-energy precision observables [START_REF] Feruglio | Revisiting Lepton Flavor Universality in B Decays[END_REF][START_REF] Feruglio | On the Importance of Electroweak Corrections for B Anomalies[END_REF][START_REF] Cornella | Low-energy Effects of Lepton Flavour Universality Violation[END_REF][START_REF] Feruglio | Implications of scalar and tensor explanations of R D ( * )[END_REF] and direct searches [START_REF] Faroughy | Confronting lepton flavor universality violation in B decays with high-p T tau lepton searches at LHC[END_REF]. However more involved couplings can induce a hierarchy between J q × J and J q × J q and J × J contributions. The following section is devoted to a model where this hierarchy is due to the remnant of a SU (2) symmetry acting between the second a the third generation.

Alternative path: a horizontal symmetry

As we discussed, models proposing a combined explanation to b → s and b → c anomalies have to invariably withstand non-negligible constraints from low energy observables. On the other hand, experimental measurements are still affected by large statistic and systematic uncertainties. Every new measurement can result in a sizeable change of the flavour landscape. The difficulty in the interpretation of CHAPTER 2. THEORETICAL APPROACHES these results may therefore be considered as the sign of too premature experimental results. In this section, adapted from [START_REF] Guadagnoli | A gauged horizontal SU (2) symmetry and R K ( * )[END_REF], we will focus on b → s anomalies only and describe a model not based on leptoquarks that naturally presents a solution to the items (i)-(iii) of the previous section.

Model

Items (i)-(iii) suggest, for reasons that will be transparent shortly, the consideration of a 'horizontal' group, with SU (2) being the smallest continuous group that may be at play. We therefore consider the gauge group

G SM × G h , where G SM is the SM gauge group SU (3) c × SU (2) L × U (1) Y ,
acting 'vertically' in each generation, and G h = SU (2) h is a horizontal group connecting the second and the third generations as defined before EWSB. More generally, we may actually assume one SU (2) h symmetry for either chirality of fermions.

We can then augment the SM Lagrangian with the following terms

δL = F ,a F (g L γ µ P L G µ a L + g R γ µ P R G µ a R ) τ a F , ( 2.13) 
where P L,R are the usual chirality projectors, that we henceforth include in the gamma matrices for brevity, i.e. γ µ L,R ≡ γ µ P L,R . Furthermore, τ a = σ a /2, and G µ a L,R are the gauge bosons of the horizontal symmetry for either chirality, whose masses are assumed to be larger than the EWSB scale. The fields F are such that

F ≡ f 2 f 3 , ( 2.14) 
where f runs over all SM fermion species (primed as they are not in their mass eigenbasis) and 2, 3 refer to generation indices.

Integrating out the G L and G R gauge bosons, one obtains the effective interactions

δL eff = - F 1 ,F 2 ,a g 2 L 2M 2 G La F1 γ µ L τ a F 1 F2 γ µ L τ a F 2 + g 2 R 2M 2 G Ra F1 γ µ R τ a F 1 F2 γ µ R τ a F 2 , ( 2.15) 
where both F 1 and F 2 are defined as in eq. (2.14). Below the EWSB scale, where SM fermions acquire masses, the fields F undergo unitary6 transformations of the kind

F = U F F (2.16)
where F denotes the mass-eigenbasis fields. After such transformations, eq. (2.15) becomes

δL eff ∝ 1 2M 2 G La F1 U † F 1 γ µ L τ a U F 1 F1 F2 U † F 2 γ µ L τ a U F 2 F2 , ( 2.17) 
and analogous structures are generated by the G Ra terms. Hence, in either the left-or right-handed sector, these effective interactions have the form a J a

F 1 × J a F 2 /M 2
Ga . The interesting phenomenological feature becomes apparent when considering products of currents involving the same fermions, F 1 = F 2 . In the limit of mass degeneracy across the horizontal bosons of either sector, the rotations U F can be removed by the redefinition

G µ a L,R τ a → U F G µ a L,R τ a U † F
, which means that the corresponding fermion bilinears can be taken as flavour diagonal in all generality [START_REF] Cahn | Bounds on the Masses of Neutral Generation Changing Gauge Bosons[END_REF]. This property brings a natural answer to the problem discussed in the previous section.

There is actually a subtlety, already mentioned in footnote 6. Although above the EWSB scale SU (2) h involves only the 2 nd and 3 rd generations, mixing beneath this scale involves all the three generations. As a consequence, the U F matrices in eq. (2.16) are not exactly unitary, implying that the contributions to processes such as meson mixings, as well as to decays involving only leptons, are non-zero. It is true that these contributions will be parametrically suppressed by powers of the mixing between the two heavier and the light generation. However, a nonzero mixing onto the 1 st generation translates into contributions to light-fermion processes like K 0 -K0 mixing and µ → 3e for example, which are well-known to be very constraining [START_REF] Isidori | Flavor Physics Constraints for Physics Beyond the Standard Model[END_REF]. We will discuss such effects in detail in the analysis.

We first need to generalize the formalism in eqs. (2.13)-(2.17) to account for three-generation mixing. We then define

F ≡    f 1 f 2 f 3    .
(2.18)

The Lagrangian shift in eq. (2.13) becomes

δL = F F (g L γ µ L G µ a L + g R γ µ R G µ a R ) T a F , ( 2.19) 
with namely the replacement τ a → T a , where

T a ≡ 0 τ a , ( 2.20) 
and eqs. (2.15) and (2.17) will change accordingly. It is this Lagrangian that we will use in the analysis.
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Before pursuing with the phenomenology of the model, four comments are in order.

First, one can wonder whether the enlarged gauge group may introduce anomalies. A simple horizontal gauge group G h introduces two potentially worrisome anomaly diagrams: the one with G 3 h and the one with

G 2 h × U (1) Y .
Having chosen G h to be an SU (2) group, the first diagram vanishes -whereas it wouldn't for larger simple groups such as SU (3). As concerns the second diagram, it likewise vanishes, and it does so for the same reason also at work within the SM, namely the rather magical compensation of the quark vs. lepton U (1) Y quantum numbers of either chirality. So this anomaly cancels separately for an SU (2) h coupled only to left-handed fermions or to right-handed ones.

Then, we reiterate that the argument leading to flavour-diagonal J q × J q and J × J amplitudes holds for horizontal bosons with degenerate masses, which needn't be the case. In fact, a departure from the hypothesis of exact mass degeneracy will be instrumental for our framework to withstand the constraints from, in particular, D 0 -D0 mixing. Effects on this and other observables will thus be parametric in the mass splittings among the horizontal bosons.

Moreover, as concerns the performance of eq. (2.19) in explaining R K ( * ) , we note that the introduction of a sizeable contribution to the quark right-handed bilinear is expected to upset the relation R K * R K [START_REF] Hiller | Diagnosing lepton-nonuniversality in b → s[END_REF]. The bulk of our analysis will therefore assume g R = 0.

Finally, one can wonder how a horizontal symmetry involving the two heavier generations may be compatible with the observed fermion masses and mixing. One possibility is to a consider a scenario akin to partial compositeness [START_REF] Kaplan | Flavor at SSC energies: A New mechanism for dynamically generated fermion masses[END_REF], where the UV Yukawa terms involve the product between SM fermions, new vector-like fermions Ψ as well as suitable scalar representations Φ i to break SU (2) h spontaneously. Similar mechanisms were also implemented in other gauge models for b → s anomalies [START_REF] Altmannshofer | Quark flavor transitions in L µ -L τ models[END_REF][START_REF] Aristizabal | Shedding light on the b → s anomalies with a dark sector[END_REF][START_REF] Crivellin | Explaining h → µ ± τ ∓ , B → K * µ + µand B → Kµ + µ -/B → Ke + ein a two-Higgs-doublet model with gauged L µ -L τ[END_REF]. For definiteness, one could consider the following field content

Ψ U L,R ∼ (3, 1; 2) 2/3 , Ψ D L,R ∼ (3, 1; 2) -1/3 , Φ 1,2 ∼ (1, 1; 2) 0 , ( 2.21) 
where transformation properties refer to G SM × G h . This field content gives rise to the following renormalizable Lagrangian terms

δL Y ⊃ m U ΨU L Ψ U R + m D ΨD L Ψ D R + a=1,2 i=1,2,3 (Y U ) ai Ψ U L Φ a (u R ) i + (Y D ) ai Ψ D L Φ a (d R ) i (2.22) + c U FQ φ Ψ U R + c D FQ ϕ Ψ D R + H.c. ,
where i is a flavour index,

F Q = (Q 2 , Q 3 ) T ,
with 2,3 generation indices, and ϕ is the SM Higgs doublet. SM Yukawa terms for quarks would then arise after integrating out the heavy Ψ and assigning vacuum expectation values to the Φ's. Two scalar fields are needed in eq. (2.21) in order to generate rank-3 effective Yukawa matrices.

ALTERNATIVE PATH: A HORIZONTAL SYMMETRY

The number of dimensionless parameters and mass scales thus involved is sufficient to accommodate quark masses and mixing. An entirely similar construction allows to also address lepton masses and mixing.

Scenario 0

We then start from the effective Lagrangian eq. (2.15), keeping henceforth only the left-handed interaction, and with mass-degenerate horizontal bosons. To simplify notation, we will in the rest of this section remove the L subscript from the G La fields (denoted simply as G a ) as well as from the quark and lepton multiplets in generation space. We will instead keep the subscript in g L , in order that this coupling not be confused with SM ones. Fermionic fields F , eq. ( 2.18), are rotated to the mass eigenbasis through chiral transformations U F . The most general parametrization compatible with the SU (2) h symmetry would be of the form

U F = e iφ F 0 1×2 0 2×1 e iΦ F Σ F , ( 2.23) 
where Σ F = exp(i θ F σ/2) parametrizes a general SU (2) transformation acting on the f 2,3 components of the fermion F . The dependence on the phases φ F and Φ F cancels in quark and lepton bilinears. As discussed, the dependence on the SU (2) transformation in turn cancels in effective-Lagrangian terms involving one single fermion species (F 1 = F 2 ), thus preventing dangerous contributions to processes such as B 0 s -B0 s mixing and τ → νν. Let us focus on the interaction term involving down-type quarks and charged leptons, δL DL eff , which is of direct interest to us. Eq. (2.15) implies

δL DL eff = - g 2 L m 2 G D U † D γ µ L T a U D D L U † L γ µ L T a U L L , ( 2.24) 
where D = (d L , s L , b L ) T and L = (e L , µ L , τ L ) T denote left-handed mass-eigenstate fermions and m G is the common mass of the G a horizontal bosons. Using the argument below eq. ( 2.17), one can rewrite this contribution as

δL DL eff = - g 2 L m 2 G D γ µ L T a D L U † DL γ µ L T a U DL L , ( 2.25) 
where U DL ≡ U † D U L can be parametrized as in eq. (2.23). Again, phase terms disappear in the lepton bilinear. As concerns the SU (2) transformation Σ DL , it is convenient to express it in terms of Euler angles:

Σ DL = e -iα DL σ 3 e -iβ DL σ 2 e -iγ DL σ 3 .
(2.26)
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Neglecting neutrino masses, the γ DL phase can be absorbed in the definition of the charged-lepton fields. A similar rephasing of the D component fields to absorb α DL would shuffle this phase to the CKM matrix, so α DL and β DL are physical.

We next discuss the most general effects within the parametrization in eq. (2.26), in particular whether scenario 0 explains R K ( * ) and what are the relevant constraints. By matching the Lagrangian in eq. (2.25) with eq. (1.1), we obtain the following shifts of Wilson coefficients

δC µµ 9 = -δC τ τ 9 = e -2iα DL sin 2β DL g 2 L 8m 2 G • 2πv 2 α em λ t , ( 2.27 
)

δC τ µ 9 = e -2iα DL cos 2 β DL g 2 L 4m 2 G • 2πv 2 α em λ t , ( 2.28 
)

δC µτ 9 = -e -2iα DL sin 2 β DL g 2 L 4m 2 G • 2πv 2 α em λ t , ( 2.29) 
and one has also

δC ij 10 = -δC ij 9 .
The second factor on the r.h.s. of either of eqs. (2.27)-(2.29) corresponds to an effective scale ≈ 34 TeV [START_REF] D'amico | Flavour anomalies after the R K * measurement[END_REF]. From these equations we also see that largest (in magnitude) shifts to the considered Wilson coefficients are obtained for α DL ≈ 0, π because of the nearly real SM normalization in the usual CKM conventions. The 1σ bounds in the δC µµ 9 = -δC µµ 10 fit to data (see Table 3 . This requirement automatically implies a non-zero value of δC τ µ 9 and δC µτ 9 . This property was already advertised in section 1.4, where we showed that LFV usually arises from LNU. The b → sµ ± τ ∓ channel is therefore a very distinctive signature of this scenario and we will discuss it more extensively latter on. Interestingly, our framework predicts an asymmetry between b → sµ -τ + and b → sµ + τ -, controlled by the β DL value.

There is, however, an important caveat around eq. (2.23). Below the EWSB scale, the rotations U D and U U cannot both have the form in eq. (2.23), because

U † U U D = V CKM .
This implies that, although the SU (2) h symmetry prevents the occurrence of flavour-violating J q × J q and J × J effects for scales above the EWSB one, J q × J q effects will be induced for lower scales, because of V CKMinduced mixing (On the other hand, J × J effect will remain tiny because of the very small neutrino masses). The most constraining of these effects turns 7 In the original reference [START_REF] Guadagnoli | A gauged horizontal SU (2) symmetry and R K ( * )[END_REF], the fit δC µµ 9 = -δC µµ 10 yielded slightly different results. The plots and predictions we propose in this section are updated with the fit that will be presented in section 3.1.1. out to be the mass difference in the D 0 -D0 system, ∆M D . We imposed that the latest global fit to the related parameter x D ≡ ∆M D /Γ D , where Γ D is the mean D decay width [START_REF] Amhis | Averages of b-hadron, c-hadron, and τ -lepton properties as of 2018[END_REF], be saturated by our model's short-distance prediction for the same quantity, that we estimated using ref. [START_REF] Golowich | Implications of D 0 -D0 Mixing for New Physics[END_REF]. 8 We believe that this approach is justified, given that the possible range for the SM contribution to ∆M D encompasses several orders of magnitude [START_REF] Falk | The D0anti-D0 mass difference from a dispersion relation[END_REF].

Barring a tuning of order 10 -2 between the SM and the new-physics contribution, the x D constraint unexpectedly excludes our scenario 0. However our model is suited for straightforward generalizations. The latter fall in at least two categories: (i) mass splittings among the three vector bosons of the SU (2) h symmetry; (ii) (small) mixing terms between the first and the two heavier generations in the T a matrices of eq. (2.20). As we will discuss in the rest of this section, the first generalization turns out to be sufficient to pass all constraints.

Scenario 1

The most straightforward generalization of the scenario discussed so far is to allow for non-degenerate masses for the gauge bosons of the SU (2) h symmetry. The simplest mass splitting is such that two masses stay degenerate [START_REF] Monich | Oscillation and CP Violation in the 'Horizontal' Superweak Gauge Scheme[END_REF].

With split G a masses, we are no more allowed to bundle the two unitary transformations U D and U L in one single transformation, as in eq. (2.25). Our
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δL DL eff = - a g 2 L m 2 Ga D U † D γ µ L T a U D D L U † L γ µ L T a U L L , ( 2.31) 
i.e. akin to eq. (2.24) but for non-degenerate G a masses. In a notation straightforwardly generalizing that in eq. (2.26), the matrices U D,L will introduce the rotations β D and β L , as well as the phase parameters α D,L and γ D,L . To the extent that we do not consider CP -violating observables, non-zero values for these phase terms serve only to suppress the magnitude of the Wilson coefficients relevant to our analysis. We will therefore set α D,L = γ D,L = 0 and focus on the rotations β D and β L . We note that, after EWSB, the above choice for the U D matrix allows to subsequently set

U U = U D V † CKM .
Choosing the parametrization eq. (2.26) for U D is an important assumption, based on phenomenological ground, and guarantees the absence of effects in K 0 -K0 mixing.

Quite remarkably a scenario with

m G 1 = m G 2 m G 3 & | sin 2β D | | sin 2β L | , ( 2.32) 
accounts at one stroke for new effects in b → sµµ as large as measured and is compatible with the SM-like results in all other collider datasets. Note however that, allowing for a mass hierarchy between the horizontal gauge bosons amounts to completely forsaking the argument made below eq. (2.17). This makes scenarios 0 and 1 completely different at the level of the underlying mechanisms. Within scenario 0 (degenerate horizontal-boson masses) the flavour diagonality of J q ×J q and J × J currents would be the result of an underlying global symmetry coming with the postulated SU (2) h group. However, off-diagonalities are inescapable because of the CKM matrix, and the result is a too large contribution to D 0 -D0 mixing.

Within scenario 1, one allows for non-degenerate masses, and phenomenological viability chooses a hierarchical pattern, i.e. one of O(1) breaking of the mentioned global symmetry.

The basic mechanism at work can be straightforwardly understood by inspection of the model's prediction of D 0 -D0 mixing and R K , that scenario 0 fell short to describe simultaneously. We will see that, with these two phenomenological requirements fulfilled, all other constraints fall in place, either because of the pattern in eq. (2.32), or because of the underlying SU (2) h symmetry. We will next discuss all these requirements in turn.

Within scenario 1, the contribution to D 0 -D0 is due to

δL U U eff = - a g 2 L 2m 2 Ga Ū γ µ L T a U 2 ⊃ C (uc) 2 (ūγ µ L c) 2 , ( 2.33) 
where, exploiting CKM hierarchies, we can write

C (uc) 2 = -(V us V * cs ) 2 g 2 L 8 sin 2 (2β D ) m 2 G 1 + cos 2 (2β D ) m 2 G 3 + O(λ 4 ) . (2.34)
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with λ the Wolfenstein parameter. While the approximate formula in eq. (2.34) is very convenient to exhibit the mechanism at work, the numerical analysis includes the exact CKM dependence. In turn, the model's contribution to δC µµ 9,10 reads

δC µµ 9 = -δC µµ 10 = g 2 L 4 v 2 π α em λ t sin(2β D ) cos(2β L ) m 2 G 3 - sin(2β L ) cos(2β D ) m 2 G 1 . (2.35)
Clearly, with the advocated pattern of G a masses and rotation angles, the contribution in eq. ( 2.34) will be parametrically suppressed by the decoupling of G 3 plus the smallness of β D , and this very pattern ensures a sizeable contribution to δC µµ 9 from the second, negative term in eq. (2.35). These features are displayed more quantitatively in Fig. 2.2. In particular, the effective scale for the lighter among the G a bosons is shown versus R K in the left panel, where dark blue denotes points that fulfil all other constraints to be described later, and including x D . The effective mass scale pointed to by the x D constraint, ruled by m G 3 /g L , 9is displayed in the right panel of Fig. So far we focused on D 0 -D0 mixing because it turned out to be the most constraining observable within scenario 0. However, the pattern of parameters that we advocated in eq. (2.32) may generate large effects in other observables, to be discussed now on. With the exception of τ → µγ, all of the considered observables CHAPTER 2. THEORETICAL APPROACHES depend on the ratios m Ga /g L , rather than on masses and g L separately. Our main numerical scan will then assumes the ranges to follow

m Ga /g L ∈ [1, 500] TeV & β D , β L ∈ [0, 2π) .
(2.36)

The upper limit of 500 TeV in general corresponds to m Ga values below this mass scale, because g L is in general below unity. As concerns the hierarchies in eq. ( 2.32), we followed two alternative procedures: on the one side, we performed scans imposing such hierarchies from the outset; on the other side, we let the constraints choose them. It is quite remarkable that we found no appreciable difference in the results obtained with these two procedures.

b → s and leptonic LFV A large β L , combined with a value for m G 1 as low as required by R K ( * ) , may lead to troublesome effects in particular in b → sτ ± µ ∓ as well as in leptonic LFV decays such as τ → 3µ. Quite interestingly, the effects are indeed sizeable, but below existing limits. Besides, the small number of parameters involved establishes clear-cut correlations between LNU and LFV observables. These correlations represent a prominent feature of this model, as can be qualitatively understood, again, from the basic formula for the relevant Wilson coefficients. A first comment concerns b → sτ τ . Since

δC τ τ 9,10 = -δC µµ 9,10 , (2.37) 
the departure of B(B → Kτ τ ) from its SM prediction can be written as a function of the departure of R K from unity. As a consequence, modifications of branching ratios for B → Kτ τ as well as B 0 s → τ τ will be of the order of 20% with respect to the respective SM expectations, which are sizeably below existing limits [START_REF] Lees | Search for B + → K + τ + τat the BaBar experiment[END_REF][START_REF] Aaij | Search for the decays B 0 s → τ + τand B 0 → τ + τ[END_REF]. Note that this enhancement is relatively small compare to other models, like the one discussed in section 3.1.2, where these branching ratios are enlarged by several orders of magnitude.

We next turn to the predictions for b → sτ µ decays. The relevant Wilson coefficients read

δC µτ 9 = - g 2 L 4 v 2 π α em λ t cos 2β D cos 2β L m 2 G 1 + sin 2β D sin 2β L m 2 G 3 - 1 m 2 G 2 , ( 2.38 
)

δC τ µ 9 = - g 2 L 4 v 2 π α em λ t cos 2β D cos 2β L m 2 G 1 + sin 2β D sin 2β L m 2 G 3 + 1 m 2 G 2 . (2.39)
Keeping in mind the main assumptions defining our scenario 1, eq. ( 2.32), it is clear that the dominant dependence is on

| cos 2β L ± 1|/m 2 G 1,2 .
Hence, a rather distinctive feature of this scenario is that B(B → Kτ + µ -) = B(B → Kτ -µ + ), although either can be larger than the other, depending on the choice of the β L phase. The correlation between these two modes is displayed in Fig. 2.3. The dominant parametric dependence highlighted above translates into an approximate reflection symmetry of the plot around the diagonal. Most importantly, our model predicts not only an upper bound, but also a lower bound on the LFV rates 10 . We obtain (see also left panel of Fig. 2.4)

1.0 × 10 -8 B(B → Kµ + τ -) + B(B → Kµ -τ + ) 5.0 × 10 -6 .
(2.40)

Interestingly, the maximal rate predicted by our scenario lies just one order of magnitude below the existing limits discussed in section 1.4.

As anticipated, the above LFV predictions are in turn correlated with purely leptonic LFV, in particular in the processes τ → 3µ and τ → φµ. From

δL LL eff ⊃ + g 2 L 8 sin(4β L ) 1 m 2 G 3 - 1 m 2 G 1 (τ γ µ L µ)(μγ µL µ) , (2.41) 
one gets [START_REF] Bertuzzo | Limits on Neutrinophilic Two-Higgs-Doublet Models from Flavor Physics[END_REF] 

B(τ → 3µ) = m 5 τ 3072 π 3 Γ τ g 4 L 64 sin 2 (4β L ) 1 m 2 G 3 - 1 m 2 G 1 2 . (2.42)
Similarly to the transition b → sµ + µ -, this observable is only modified for non-zero values of β L . Besides, from

δL LD eff ⊃ C µτ ss (μγ µ L τ ) (sγ µ L s) (2.43) CHAPTER 2. THEORETICAL APPROACHES with C µτ ss = - g 2 L 4 - cos(2β D ) sin(2β L ) m 2 G 3 + sin(2β D ) cos(2β L ) m 2 G 1 , (2.44)
one likewise arrives at

B(τ → µφ) |C µτ ss | 2 f 2 φ m 4 φ 64 π m τ Γ τ 1 - m 2 φ m 2 τ -1 + m 2 τ 2m 2 φ + m 4 τ 2m 4 φ , (2.45)
where f φ is the φ-meson decay constant given in table 1.2, and we have neglected the m µ mass dependence, which amounts to an approximation of few percent.

From the current experimental limit [START_REF] Miyazaki | Search for Lepton-Flavor-Violating tau Decays into a Lepton and a Vector Meson[END_REF][START_REF] Schwanda | Charged Lepton Flavour Violation at Belle and Belle II[END_REF], and keeping in mind eq. ( 2.32), we obtain ∆M s /∆M d Mixings in the B d,s sector, in particular the ratio ∆M s /∆M d , represent a strong constraint (see ref. [START_REF] Di Luzio | Updated B s -mixing constraints on new physics models for b → s +anomalies[END_REF] for a recent discussion). Actually, it is

m 2 G 1,2 g 2 L sin 2β D cos 2β L ≥ (3.7 TeV) 2 (90% CL), ( 2 
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mainly this constraint that selects the mass hierarchy in eq. (2.32), the angles' hierarchy being instead mostly the result of C µµ 9,10 and x D . The effective Hamiltonian relevant for these observables reads

H ∆Mq eff = (C SM ∆Mq + δC q ∆Mq )(qγ µ L b)(qγ µ,L b) + h.c. , (2.47) 
with q either d or s. 11 Using [START_REF] Buchalla | Weak decays beyond leading logarithms[END_REF] to get C SM ∆Mq in our normalization, we obtain

δC s ∆Mq = g 2 L 8 cos 2 2β D m 2 G 1 + sin 2 2β D m 2 G 3 - 1 m 2 G 2 , δC d ∆Mq = 0 . (2.48)
We can then write In short, the model tends to predict a suppression of the order of 10-20%. However, such shift comes with an error of comparable size, about 12%, dominated by the CKM input, followed by the ξ input. This error at present prevents this observable from providing a stringent test of our framework. Such test will however be possible with improvements on fits to the unitarity triangle using only observables realistically unaffected by new physics, such as γ from B → DK ( * ) (see in particular [START_REF] Brod | The ultimate theoretical error on γ from B → DK decays[END_REF][START_REF] Aaij | Measurement of the CKM angle γ using B ± → DK ± with D → K 0 S π + π -, K 0 S K + Kdecays[END_REF][START_REF] Craik | Optimising sensitivity to γ with B 0 → DK + π -, D → K 0 S π + πdouble Dalitz plot analysis[END_REF]). This highlights the well-known importance of improvements in such 'standard-candle' measurements.

∆M s ∆M d = V ts V td 2 ξ 2 m Bs m B d 1 + δC s ∆Mq C SM ∆Mq . ( 2 
B → Kν ν Within our model, an explanation of R K ( * ) implies new contributions to the B → K ( * ) ν ν decays (this is not specific to our model, see [START_REF] Descotes-Genon | Implications of b → sµµ Anomalies for Future Measurements of B → K ( * ) ν ν and K → πν ν[END_REF] for more general conclusions). The only part of the Hamiltonian eq. (1.1) relevant for b → sν ν is

O ν i ν j L = e 2 16π 2 (sγ µ L b)(ν i γ µ (1 -γ 5 )ν j ) .
(2.51)
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We define the ratio R SM , where, as usual, a sum over the (undetected) neutrino species is understood. In our scenario this ratio is modified as follows

( * ) νν ≡ B(B → K ( * ) νν)/B(B → K ( * ) νν)
R ( * ) νν = ij |δ ij C SM L + δC ν i ν j L | 2 3|C SM L | 2 = 1 + 2C SM L i δC ν i ν i L + ij |δC ν i ν j L | 2 3|C SM L | 2 , (2.52)
where C SM L = -6.38 [START_REF] Chatrchyan | Observation of a New Boson at a Mass of 125 GeV with the CMS Experiment at the LHC[END_REF] is the SM Wilson coefficient corresponding to the operator (2.51) [START_REF] Buras | B → K ( * ) νν decays in the Standard Model and beyond[END_REF]. The contributions to R 

R ( * ) νν = 1 + 1 3|C SM L | 2 v 4 π 2 α 2 em |λ t | 2 g 4 L 8 cos 2 2β D m 4 G 1 + sin 2 2β D m 4 G 3 + 1 m 4 G 2 . (2.53)
Interestingly, the flavour-diagonal contributions satisfy δC νµνµ L = -δC ντ ντ L (whereas C νeνe L is not modified), so that interference terms between the SM and NP vanish, and NP contributions only enter at second order in the small ratio δC τ → µν ν In spite of the horizontal gauge bosons G a being electrically neutral, they can also contribute to processes that in the SM are generated by charged currents, for example → ν ν decays. The corresponding constraint will however be noticeably weaker than in the previous section were this contribution was induced by the charged currents, cf. eq. (2.12). More precisely, one can show that the following term appears in δL eff

ν i ν j L /C SM L . Because of
δL eff ⊃ - g 2 L 4 sin 2 2β L m 2 G 3 + cos 2 2β L m 2 G 1 + 1 m 2 G 2 (ν τ γ µ L ν µ )(μγ µ L τ ) . (2.55)
This contribution entails the following modification of B(τ → µνν) with respect to its SM prediction

B(τ → µνν) B(τ → µνν) SM = 1 + g 2 L v 2 4 cos 2 2β L m 2 G 1 + sin 2 2β L m 2 G 3 + 1 m 2 G 2 + ... , (2.56)
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where, for simplicity, we only show the dominant term coming from the interference, whereas in the numerics we include also the order 2 sub-leading contributions. By using the experimental average B(τ → µν µ ν τ ) exp = 17.33(5)% [START_REF] Patrignani | Review of Particle Physics[END_REF] and the SM prediction B(τ → µν µ ν τ ) SM = 17.29(3)% [START_REF] Bečirević | Lepton flavor violation in exclusive b → s decays[END_REF], we obtain the following 2σ bound

m 2 G 1,2 g 2 L 1 + cos 2 2β L ≥ (1.6 TeV) 2 , (2.57)
which is weaker than the one derived in eq. (2.54) from the experimental limit on B(B → Kνν).

D 0 → µµ Similarly to D 0 -D0 mixing, the CKM matrix induces a non-zero contribution to other charm-physics observables, most notably D 0 → µµ. We will show however that the induced modifications are too small to be observed with the sensitivity of the current experiments. The piece of eq. (2.17) describing four-fermion interactions of up-type quarks U and charged leptons L , the primes denoting as usual the 'gauge' basis, reads

δL U L eff = - a g 2 L m 2 Ga Ū γ µ L T a U L γ µ L T a L ⊃ C µµ uc (ūγ µ L c) (μγ µ L µ) . (2.58)
After manipulations entirely analogous to those leading to eq. ( 2.34), we obtain

C µµ uc = -V * cs V us g 2 L 4 cos 2β D cos 2β L m 2 G 3 + sin 2β D sin 2β L m 2 G 1 + O(λ 3 ) . (2.59)
We note again that the expansion in λ is only for illustrative purposes, and that in the numerics we use exact expressions. The corresponding branching ratio is then given by

B(D 0 → µ + µ -) = f 2 D m 2 µ m D 32πΓ D 1 - 4m 2 µ m 2 D 0 × g 2 L 4 |V * cs V us | cos 2β D cos 2β L m 2 G 3 + sin 2β D sin 2β L m 2 G 1 2 + O(λ 4 ) .
(2.60)

where we have neglected the small SM contribution. This expression should be confronted with the current experimental limit B(D 0 → µ + µ -) exp < 6.2 × 10 -9 [START_REF] Aaij | Search for the rare decay D 0 → µ + µ[END_REF]. However, by inspection of eq. (2.60) one sees that the relevant masses being bounded are a combination of m 2 G 1 / sin 2β D and m 2 G 3 . Keeping in mind the parameter space in eq. (2.32), one concludes that eq. (2.60) provides a bound on the heavier scale, not the lighter one, and is thus irrelevant.
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Further constraints Here we collect comments on further, potentially constraining, experimental information not discussed so far. A first comment deserves the decay τ → µγ, whose current experimental limit reads B(τ → µγ) ≤ 4.4×10 -8 [START_REF] Aubert | Searches for Lepton Flavor Violation in the Decays τ ± → e ± γ and τ ± → µ ± γ[END_REF]. By construction, our model induces the required dipole interaction only at one loop. Therefore this decay is, at present, not very constraining within our model, as it suffers from a further loop and α em suppression with respect to the other τ LFV decays discussed before, whose predictions are summarized in the right panel of Fig. 2.4.

Further consideration deserve possible bounds coming from direct searches. To our knowledge, the most relevant analysis for our case is Ref. [START_REF] Greljo | High-p T dilepton tails and flavor physics[END_REF]. In particular, our model induces a contribution to pp(ss) → µµ, which can be tested at the LHC by looking at the tails of dilepton distributions. Assuming that such distortions be the result of contact interactions of the kind

L eff ⊃ C Dµ ij v 2 ( di γ µ L d j )(μγ µL µ) , (2.61) 
with an effective scale well above the typical momentum exchange in the process, Ref.

[247] quotes a present-day limit on

|C Dµ ss | of around 1×10 -2 . In our model, this coefficient is of order g 2 L • v 2 /min(m 2
Ga ), that we can bound with 1 × (0.246/5) 2 2 × 10 -3 , see e.g. y-axis scale on the left panel of Fig. 2.2. It is true that in some parts of our parameter space -with very low min(m Ga ) and sizeable g L -there may be distortions with respect to the effective-theory description in Ref. [START_REF] Greljo | High-p T dilepton tails and flavor physics[END_REF]. While this aspect may warrant further investigation, we believe that the above argument provides a robust order-of-magnitude assessment of the constraint.

Conclusions

Explaining b → c or b → s anomaly requires a mechanism that provides a large coupling between lepton and quark currents while avoiding accordingly large contributions in coupling between quark currents and between lepton currents. This is naturally achieved in model based on leptoquarks where the undesirable contributions are loop suppressed. In this section we take a different approach. The aforementioned mechanism can be achieved through the consideration of a 'horizontal' group, SU (2) being the smallest one that may be at play. We accordingly invoke the possibility of a gauged such symmetry, SU (2) h , with all the left-handed 2 ndand 3 rd -generation fermions universally charged under the corresponding groupin the 'gauge' basis.

After integrating out the heavy SU (2) h bosons, one generates all sorts of J q, × J q, amplitudes. However, assuming degenerate masses for the horizontal bosons, and in the absence of mixing between the two heavier generations and the lighter one, the assumed symmetry would make J q × J q and J × J amplitudes exactly flavour-diagonal, in the fermion mass eigenstate basis. This property prevents dangerous tree-level contributions to processes such as meson mixings and
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purely leptonic flavour-violating transitions. In reality, such contributions are not exactly zero because of CKM-induced mixing across all the generations. The most constraining of these effects turns out to be the mass difference in the D 0 -D0 system, ∆M D .

However, one can accomplish a successful description of b → s deviations as well as of all constraints, by advocating a splitting of the horizontal-boson masses -per se a plausible possibility -in particular a configuration with two mass-degenerate gauge bosons hierarchically lighter than the third one.

This scenario has, by construction, distinctive signatures in b → s decays. In particular, B → Kτ ± µ ∓ is predicted in the range

1.0 × 10 -8 B(B → Kµ + τ -) + B(B → Kµ -τ + ) 5.0 × 10 -6 , ( 2.62) 
with the τ + µ -and τ -µ + modes in general differing by a sizeable amount that could have either sign. Besides, the small number of parameters involved establishes clear-cut correlations between semi-leptonic LFV decays of B mesons and LFV decays involving only leptons, in particular a triple correlation between

B(B → Kµ ± τ ∓ ), B(τ → 3µ) and B(τ → µφ).
At this point, our framework still contains several open questions. First, in order to be fully calculable beyond tree level, the model still requires specification of the scalar sector that accomplishes the spontaneous breaking of the SU (2) h symmetry. While we already commented on this completion to address the issue of Yukawa matrices, answering the question in full would introduce a degree of model dependence, and probably requires more data. We therefore limited our study to the effective model, assuming that such scalar a sector simply exists.

As we also restricted our study to b → s anomalies, an interesting follow-up would be to consider an appropriate variation of the mechanism that may also explain charged-current discrepancies. We do not see however how such an extension could avoid introducing relations between up-type and down-type fermion chiral rotations, hardly compatible with our original argument.

Finally, another interesting question is whether a suitable extension of our framework may include a candidate for thermal Dark Matter. This possibility will be discussed in section 3.2. This chapter brings together two lines of research that can serve as a guide for future theoretical models and experimental studies. In section 3.1, we will perform fits of the current experimental data, both in the weak effective theory and in the SM effective field theory. These fits will allow to scrutinize the viable scenarios that account for the B-anomalies and justify the study performed in the previous chapters. We will show in particular that a simplified model based on the U 1 leptoquark can provide an excellent description of data. In section 3.2, we will embed this model in a UV-complete theory and show that it can contain a candidate for Dark Matter. Such candidate can also be obtained in link with the model discussed in chapter 2 in a construction discussed in the last section.

3

Theory paths forward

A global analysis after Moriond 2019

In this section we present the implication of the current experimental status using effective field theories at the weak scale and at higher scale. Although we already CHAPTER 3. THEORY PATHS FORWARD discussed the impact of R K ( * ) measurements on C 9 and C 10 as well as constraints due to low energy observables in previous sections, a more systematic study will allow us to identify the scenarios that lead to a good description of data and discuss a possible realization in term of a simplified new-physics model, while evaluating the impact experimental measurements.

To perform this study, we use a global likelihood function in the space of Wilson coefficients both in the weak effective theory (WET) eq. (1.2) and in the SM effective theory (SMEFT) (see e.g. [START_REF] Brivio | The Standard Model as an Effective Field Theory[END_REF] for a review). To achieve a fully modelindependent analysis, all Wilson coefficients should be floated at a time. This approach, computationnaly challenging and difficult to interprete, has been discussed in the context of a Bayesian approach [START_REF] Ciuchini | On Flavourful Easter eggs for New Physics hunger and Lepton Flavour Universality violation[END_REF][START_REF] Ciuchini | New Physics in b → s +confronts new data on Lepton Universality[END_REF][START_REF] Blas | HEPfit: a code for the combination of indirect and direct constraints on high energy physics models[END_REF] and in earlier literature (see e.g. [START_REF] Altmannshofer | New physics in b → s transitions after LHC run 1[END_REF][START_REF] Altmannshofer | Cornering New Physics in b → s Transitions[END_REF][START_REF] Beaujean | Comprehensive Bayesian analysis of rare (semi)leptonic and radiative B decays[END_REF]). Here we will focus on theoretically motivated scenarios based on one or two varying Wilson coefficients.

This analysis, based on [START_REF] Aebischer | B-decay discrepancies after Moriond[END_REF], proceeds in two steps:

1. We first investigate the Wilson coefficients of the WET eq. (1.2). This analysis can be seen as an update of earlier analyses (see e.g. [START_REF] Altmannshofer | Status of the B → K * µ + µanomaly after Moriond 2017[END_REF][START_REF] Altmannshofer | Interpreting Hints for Lepton Flavor Universality Violation[END_REF][START_REF] Capdevila | Patterns of New Physics in b → s +transitions in the light of recent data[END_REF][START_REF] Geng | Towards the discovery of new physics with lepton-universality ratios of b → s decays[END_REF][START_REF] Ciuchini | On Flavourful Easter eggs for New Physics hunger and Lepton Flavour Universality violation[END_REF][START_REF] Hurth | Lepton nonuniversality in exclusive b → s decays[END_REF]) where the considered scenarios have already been discussed. Such analysis is completely general within the assumed one-or two-coefficient assumption, and, as already mentioned, barring new particles lighter than the b quark.

2. Next, we embed these results into the SMEFT at a scale Λ above the electroweak scale. This is based on the additional assumptions that there are no new particles beneath Λ and that EW symmetry breaking is approximately linear (see e.g. [START_REF] Catà | Signatures of a nonstandard Higgs boson from flavor physics[END_REF]). This allows us to correlate NP effects in b → s with other sectors like EW precision tests or b → c transitions within a general and common formalism (cf. [START_REF] Celis | Gauge-invariant implications of the LHCb measurements on lepton-flavor nonuniversality[END_REF][START_REF] Camargo-Molina | Anomalies in Bottom from new physics in Top[END_REF][START_REF] Aebischer | A Global Likelihood for Precision Constraints and Flavour Anomalies[END_REF][START_REF] Hurth | Matching for FCNC effects in the flavour-symmetric SMEFT[END_REF]). This formalism will also permit to put on more solid ground the conclusions of sections 1.4 and 2.1.1.

An update of the analyses already performed in these two basis was made necessary by the publication of several results, mainly presented during the Moriond-2019 conference. These results, hereafter referred to as Moriond-2019 results, includes • LHCb's update of the R K measurement [START_REF] Aaij | Search for lepton-universality violation in B + → K + +decays[END_REF];

• The measurement of R K * by Belle [START_REF] Abdesselam | Test of lepton flavor universality in B → K * +decays at Belle[END_REF]. Averaged over B ± and B 0 decays, the measured R K * values at low and high q 2 are R K * = 0.90 +0.27 -0.21 ± 0.10 , for 0.1 GeV 2 < q 2 < 8 GeV 2 , 1.18 +0. 52 -0.32 ± 0.10 , for 15 GeV 2 < q 2 < 19 GeV 2 .

(3.1)

Given their sizable uncertainties, these values are compatible with both the SM predictions and previous results on R K * from LHCb [START_REF] Aaij | Test of lepton universality with B 0 → K * 0 +decays[END_REF].

• The average of B(B 0 s → µ + µ -) measurements eq. (1.34).
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The numerical analysis is entirely based on open-source software, notably the global likelihood in Wilson coefficient space provided by the smelli package [START_REF] Aebischer | A Global Likelihood for Precision Constraints and Flavour Anomalies[END_REF], built on flavio [START_REF] Straub | flavio: a Python package for flavour and precision phenomenology in the Standard Model and beyond[END_REF] and wilson [START_REF] Aebischer | Wilson: a Python package for the running and matching of Wilson coefficients above and below the electroweak scale[END_REF].

Comment on uncertainties and observables Before discussing the scenarios, two comments are in order.

The first one concerns the treatment of theoretical uncertainties. When they are sizable, these uncertainties are accounted for by computing their covariance matrix within the SM and combining it with the experimental uncertainties (approximated as symmetrized Gaussians see e.g. [START_REF] Altmannshofer | Status of the B → K * µ + µanomaly after Moriond 2017[END_REF][START_REF] Altmannshofer | Interpreting Hints for Lepton Flavor Universality Violation[END_REF][START_REF] Altmannshofer | New physics in b → s transitions after LHC run 1[END_REF][START_REF] Altmannshofer | Cornering New Physics in b → s Transitions[END_REF][START_REF] Altmannshofer | Model-Independent Constraints on New Physics in b → s Transitions[END_REF][START_REF] Altmannshofer | New physics in B → K * µµ?[END_REF]). The main assumption in this approach is that the sizes of theoretical uncertainties are weakly dependent on NP, which we checked for the observables included. This approach was first applied to b → s transitions in [START_REF] Altmannshofer | New physics in b → s transitions after LHC run 1[END_REF].

As discussed in the first chapter, the theoretical uncertainties in exclusive Bdecay observables stem mainly from hadronic form factors. In this study, B to light vector meson form factors are taken from [START_REF] Bharucha | B → V +in the Standard Model from Light-Cone Sum Rules[END_REF] and from [START_REF] Gubernari | B → P and B → V Form Factors from B-Meson Light-Cone Sum Rules beyond Leading Twist[END_REF] for B → K. Other unknown non-factorizable effects are parametrized as in [START_REF] Bharucha | B → V +in the Standard Model from Light-Cone Sum Rules[END_REF][START_REF] Altmannshofer | New physics in b → s transitions after LHC run 1[END_REF][START_REF] Straub | flavio: a Python package for flavour and precision phenomenology in the Standard Model and beyond[END_REF] (and are compatible with more sophisticated approaches [START_REF] Khodjamirian | Charm-loop effect in B → K ( * ) +and B → K * γ[END_REF][START_REF] Bobeth | Long-distance effects in B → K * from analyticity[END_REF]). Additional parametric uncertainties (e.g. from CKM matrix elements) are based on flavio v1.3 with default settings [START_REF] Straub | flavio: a Python package for flavour and precision phenomenology in the Standard Model and beyond[END_REF]. More details on the statistical approach and the list of observables and measurements included are given in [START_REF] Aebischer | A Global Likelihood for Precision Constraints and Flavour Anomalies[END_REF].

The second comment concerns the observables that are included. The following study is based on the global likelihood described in [START_REF] Aebischer | A Global Likelihood for Precision Constraints and Flavour Anomalies[END_REF], where as many observables sensitive to the Wilson coefficients as possible are included (other approachs, like [START_REF] Altmannshofer | Status of the B → K * µ + µanomaly after Moriond 2017[END_REF], limit the observables to the one sensitive to the b → s transition). This means e.g. that we also include all the observables sensitive to the b → sγ, g dipole transitions studied in [START_REF] Paul | Constraints on new physics from radiative B decays[END_REF]. In addition, the global likelihood also includes observables that do not directly depend on the Wilson coefficients of interest but whose theory uncertainties are strongly correlated with those of the directly dependent observables. This is in particular relevant for the b → sµµ observables. In our figures, we indicate the set of observables consisting of b → sµµ, b → sγ, g, and other correlated observables as "b → sµµ & corr. obs.".

Effective-theory analysis

WET

The weak basis operators are defined by the effective Hamiltonian eq. (1.1). For this analysis, we have omitted however the chromomagnetic and the four-quark operators. The latter can contribute via one-loop matrix elements to b → s processes, but their dominant effects typically stem from renormalization group evolution (RGE) above the scale µ b , and we will discuss these effects in the SMEFT framework in the next section. For the same reason, we have constrained the sum CHAPTER 3. THEORY PATHS FORWARD over lepton flavours to e and µ: semi-tauonic WET operators can contribute via QED RG mixing, but their direct matrix elements are subleading [START_REF] Bobeth | New Physics in Γ s 12 : (sb)(τ τ ) Operators[END_REF]. For the scalar Wilson coefficients, we show the SM-like solution, while also a sign-flipped solution is allowed, see [START_REF] Altmannshofer | B s → µ + µas current and future probe of new physics[END_REF].

Scenarios with a single Wilson coefficient

The result of this first approach can be interpreted as follows:

• As already known from other analysis and discussed in the previous chapters, two scenarios stand out, namely a shift to C µµ 9 by approximately -25% of
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its SM value, or a shift to the combination C µµ 9 = -C µµ 10 by approximately -15% of its SM value. However, due to the most recent measurements of B(B 0 s → µµ) eq. (1.11), the second scenario is preferred to the first one. Indeed, as visible in eq. (1.8), C 9 alone cannot explain the ∼ 2σ tension in this channel. This suppression can be accounted for by the scalar Wilson coefficients C µµ S/P and C µµ S/P , but the two combinations possible in theories that have SMEFT as their EW-scale limit, C µµ S = -C µµ P and C µµ S = C µµ P [START_REF] Alonso | SU (2) × U (1) gauge invariance and the shape of new physics in rare B decays[END_REF], remain severely constrained.

• New physics in C µµ 10 alone also improves the agreement between theory and data considerably. However, tensions in B → K * µµ angular observables remain in this scenario.

• Muonic scenarios with right-handed currents on the quark side, C µµ 9 and C µµ 10 , or the lepton side, C µµ 9 = C µµ 10 , do not lead to a good description of the data.

• Scenarios with NP in ee Wilson coefficients only, while able to accommodate the discrepancies in R K ( * ) , do not help for the rest of the data.

Scenarios with a pair of Wilson coefficients

The results in Table 3.1 suggest that NP in both C µµ 9 and C µµ 10 ought to give an excellent fit to the data. The left 0.40 has a ∆χ 2 = 6.6, which, corrected for the two degrees of freedom, corresponds to a pull of 6.3σ. In this scenario a slight tension between R K and R K * remains, as it predicts R K R K * while the data seems to indicate R K > R K * . In addition, there is also a slight tension between the fit to NCLFU observables and the fit to b → sµµ ones, especially in the C µµ 9 direction.

Overall, we find a similarly good fit of the data in a scenario with NP in C µµ 

, R K > R K * . This scenario cannot address the tension in B(B s → µ + µ -) as it predicts B(B s → µ + µ -) = B(B s → µ + µ -) SM .
Other two-coefficient scenarios (including dipole coefficients, scalar coefficients, and electron specific semileptonic coefficients) show a weaker agreement with data. They are discussed in the appendix of Ref. [START_REF] Aebischer | B-decay discrepancies after Moriond[END_REF].

Universal vs. non-universal Wilson coefficients

The fit in C µµ 9 and C µµ 10 (Fig. 3.1 left) shows a tension between NCLFU observables and the fit to b → sµµ ones. This tension is mainly due to the updated of the R K ( * ) measurements, which are closer to the SM prediction than the Run I results. This tension, which is mainly in the C µµ 9 direction, suggests the presence of a lepton flavour universal new physics contribution that affects b → sµµ observables but not NCLFU ones. We therefore adopt the following decomposition 3

C µµ 9 = ∆C µµ 9 + C univ. 9 , ( 3.2) 
C ee 9 = C τ τ 9 = C univ. 9 , ( 3.3) 
2 These quantities are defined as D P 4,5 = P 4,5 (B → K * µ + µ -) -P 4,5 (B → K * e + e -) (the observables P 4,5 are defined in [START_REF] Descotes-Genon | Optimizing the basis of B → K * observables in the full kinematic range[END_REF]).

3 Such decomposition was adopted for the first time in [START_REF] Algueró | Are we overlooking lepton flavour universal new physics in b → s ?[END_REF], to which we refer the reader for additional scenarios beyond the one we consider. We note that a shift in C univ.

10

would not produce a good overall fit. This may be appreciated from Fig. 3.1 (left). A C univ. 10 shift would only move the (yellow) b → sµµ region vertically, hence it would not help reach better agreement with the (blue) NCLFU region. We therefore set non-muonic C10 contributions to zero for simplicity.
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C µµ 10 = -∆C µµ 9 , (3.4) C ee 10 = C τ τ 10 = 0 . (3.5)
The corresponding fit is displayed in Fig. 3.2, where the best fit values are C univ. 9 = -0.49 and ∆C µµ 9 = -0.44 with a ∆χ 2 = 6.8 that corresponds to a pull of 6.5σ. From this figure, it is clear that the updated values of R K ( * ) favour a non-zero lepton flavour universal contribution to C 9 in this scenario.

Before studying how such contributions can arise in the SMEFT, one qualification is in order. The new effects discussed so far, and especially the C univ. 9 contribution, can possibly be due to a hadronic SM effect that couples to the lepton current via a virtual photon, for example charm-loop effects at low q 2 and resonance effects at high q 2 , see e.g. [START_REF] Lyon | Resonances gone topsy turvy -the charm of QCD or new physics in b → s + -?[END_REF][START_REF] Ciuchini | B → K * +decays at large recoil in the Standard Model: a theoretical reappraisal[END_REF][START_REF] Jäger | On B → V at small dilepton invariant mass, power corrections, and new physics[END_REF]. In this analysis, this is accounted for by the uncertainty attached to the relevant observables that contribute to the (yellow) b → sµµ region in Fig. 3.2 (see [START_REF] Altmannshofer | New physics in b → s transitions after LHC run 1[END_REF] for a description). Doubling nonform-factor hadronic uncertainties is for example enough to accommodate an effect in C univ.
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following sections we will address the question whether the above scenario, with a muon-specific contribution to ∆C µµ 9 = -C µµ 10 plus a universal contribution to C univ.

, can be justified from the UV point of view, assuming that both contributions are due to new physics.

The global picture in the SMEFT

We now turn to the discussion of above results within the SMEFT. In contrast to the discussion in WET at the b-quark scale, more Wilson coefficients become relevant in SMEFT due to RG mixing above [START_REF] Jenkins | Renormalization Group Evolution of the Standard Model Dimension Six Operators I: Formalism and lambda Dependence[END_REF][START_REF] Jenkins | Renormalization Group Evolution of the Standard Model Dimension Six Operators II: Yukawa Dependence[END_REF][START_REF] Alonso | Renormalization Group Evolution of the Standard Model Dimension Six Operators III: Gauge Coupling Dependence and Phenomenology[END_REF] and below [START_REF] Aebischer | B physics Beyond the Standard Model at One Loop: Complete Renormalization Group Evolution below the Electroweak Scale[END_REF][START_REF] Jenkins | Low-Energy Effective Field Theory below the Electroweak Scale: Anomalous Dimensions[END_REF] the EW scale. Due to the pattern of Wilson coefficients preferred by the global fit, we focus on SMEFT Wilson coefficients that either contribute to the semi-muonic Wilson coefficients in the form C µµ 9 = -C µµ 10 or induce a LFU effect in C 9 . The direct matching contributions to C 9,10 at the EW scale are well known [START_REF] Buras | B → K ( * ) νν decays in the Standard Model and beyond[END_REF][START_REF] D'ambrosio | Minimal flavor violation: An Effective field theory approach[END_REF] 4 

C i i 9 = π √ 2 G F λ t α em [C Qe ] 23ii + [C (1) 
LQ ] ii23 + [C (3) LQ ] ii23 -ζc Z , ( 3.6 
)

C i i 10 = π √ 2 G F λ t α em [C Qe ] 23ii -[C (1) LQ ] ii23 -[C (3) LQ ] ii23 + c Z , (3.7) 
where the Z penguin coefficient c Z is

c Z = [C (1) ϕQ ] 23 + [C (3) ϕQ ] 23 , (3.8) 
and ζ = 1 -4s 2 w ≈ 0.08 is the accidentally suppressed vector coupling of the Z to charged leptons. The corresponding operators are given by [START_REF] Grzadkowski | Dimension-Six Terms in the Standard Model Lagrangian[END_REF] [

O Qe ] 23ii = ( Q2 γ µ Q 3 )(ē i γ µ e i ) , (3.9) 
[O 

LQ ] ii23 = ( Li γ µ L i )( Q2 γ µ Q 3 ) , [O (1) 
LQ ] ii23 = ( Li γ µ σ a L i )( Q2 γ µ σ a Q 3 ) , (3.10) [O (1) ϕQ ] 23 = (ϕ † i ↔ D µ ϕ)( Q2 γ µ Q 3 ) , [O (3) ϕQ ] 23 = (ϕ † i ↔ D a µ ϕ)( Q2 γ µ σ a Q 3 ) , ( (3) 
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sbZ coupling) is not preferred by the data since it leads to

|C i i 10 | |C i i 9 |. Like- wise, the coefficient [C Qe ] 23ii alone leads to C i i 9 = C i i
10 that is in poor agreement with the data as well. Thus, if the dominant NP effect in C µµ 9,10 does not stem from an RG effect but a direct matching contribution, it must involve one of the SMEFT Wilson coefficients [C LQ ] 2223 contribution, there can also be contributions from other Wilson coefficients. However, such additional contributions need, in general, be small (see e.g. [START_REF] Ciuchini | New Physics in b → s +confronts new data on Lepton Universality[END_REF]). Apart from the direct matching contributions, additional SMEFT Wilson coefficients can induce a contribution to C 9 at the b mass scale through RG evolution above or below the EW scale, as pictured in Fig. 3.3. In view of the size of the effect preferred by the data, we can identify three qualitatively different effects that can play a role:

• Wilson coefficients [C eu ] 2233 and [C Lu ] 2233 of the ditop-dimuon operators [O eu ] 2233 = (ē 2 γ µ e 2 )(ū 3 γ µ u 3 ) and [O Lu ] 2233 = ( L2 γ µ L 2 )(ū 3 γ µ u 3
) that induce a contribution to C µµ 9 from electroweak running above the EW scale. However, this solution is seriously challenged by EW precision tests [START_REF] Camargo-Molina | Anomalies in Bottom from new physics in Top[END_REF]. 6• Semitauonic operators [O

(1) LQ ] 3323 , [O (3) 
LQ ] 3323 , or [O Qe ] 2333 defined in (3.9) and (3.10), that induce a LFU contribution to C 9 from gauge-induced running both above and below the EW scale [START_REF] Bobeth | New Physics in Γ s 12 : (sb)(τ τ ) Operators[END_REF][START_REF] Crivellin | Importance of Loop Effects in Explaining the Accumulated Evidence for New Physics in B Decays with a Vector Leptoquark[END_REF].

• Four-quark operators ([O (1,3) QQ ] 23ii , [O (1) Qu ] 23ii and [O (1)
Qd ] 23ii ) that also induce a LFU contribution to C 9 analogously to the semitauonic ones [START_REF] Jäger | Charming new physics in rare B-decays and mixing?[END_REF]. These operators, discussed in [START_REF] Aebischer | B-decay discrepancies after Moriond[END_REF], are almost completely excluded by several observables, especially meson mixings and direct CP violation in K decays. Although a C 9 effect from [O simplified tree-level NP models are tightly challenged by di-jet resonance searches at the LHC due to a TeV-scale mass mediator with large couplings to quarks.

As emphasize in section 2.1.1, semitauonic operators are particularly interesting as they potentially allow for a simultaneous explanation of the anomalies in neutralcurrent b → s transitions and in charged-current b → c transitions involving taus [START_REF] Aebischer | A Global Likelihood for Precision Constraints and Flavour Anomalies[END_REF][START_REF] Crivellin | Importance of Loop Effects in Explaining the Accumulated Evidence for New Physics in B Decays with a Vector Leptoquark[END_REF]. We focus on this case in the following.

LFU C 9 from running of semi-tauonic operators

As we will see, a large value for [C 

LQ ] 3323 -[C (3)
LQ ] 3323 generates a sizable contribution to B → K ( * ) ν ν decays [START_REF] Buras | B → K ( * ) νν decays in the Standard Model and beyond[END_REF] that is constrained by B-factory searches for these modes, such models are only viable if the semi-tauonic singlet and triplet Wilson coefficients are approximately equal 7 . 
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-0.14 -0.12 -0.10 -0.08 -0.06 -0.04 -0.02 0.00 [C [START_REF] Gell-Mann | The Eightfold Way: A Theory of strong interaction symmetry[END_REF][START_REF] Zweig | An SU(3) model for strong interaction symmetry and its breaking[END_REF] LQ ] 2223 and are supposed to be measured with higher precision in the near future. We collect predictions for LFU ratios, angular observables, and branching ratios in B and B s decays in Table 3.2. This table confirms the well-known discovery potential of LFU ratios [START_REF] Hiller | Diagnosing lepton-nonuniversality in b → s[END_REF] but also underlines the interest of decay with taus. We note that the very large enhancement of B(B s → τ + τ -) put this decay at the edge of LHCb's discovery potential. The search for this decay was performed with Run I data and set the only existing limit B(B s → τ + τ -) < 6.8×10 -3 at 95% CL [START_REF] Aaij | Search for the decays B 0 s → τ + τand B 0 → τ + τ[END_REF]. Concerning the B → Kτ + τ -decay, a method akin to the one applied to the LFV B → Kµ + τ -decay discussed in section 1.4 may also allow LHCb to improve the existing limit set by the Babar Collaboration. Needless to say, the upcoming results from Belle-II will provide a stringent test of this scenario in the near future.

[C (1) 
LQ ] 3323 = [C (3) 
LQ ] 2223 = [C (1) 
LQ ] 2223 [TeV -2 ] flavio NCLFU observables ∆χ 2 = 1 R D ( * ) ∆χ 2 = 1 b → sµµ & corr. obs. 1σ global 1σ, 2σ (3) 
The natural question that emerges from this SMEFT picture is whether a 

lq ] 3323 = [C (1) 
lq ] 3323 and [C

lq ] 2223 = [C (1) 
lq ] 2223 (cf. Fig. 3.4) and corresponding SM predictions.

model (either simplified or UV complete) can account for these shifts.

Explaining the data by a single mediator: the U 1 leptoquark solution

As anticipated in section 2.1.2, the only single mediator that can yield non-zero values for [C

LQ ] 3323 = [C (1) 
LQ ] 3323 and [C

LQ ] 2223 = [C (1) 
LQ ] 2223 is the U 1 vector leptoquark, which transforms as (3, 1) 2/3 under the SM gauge group [START_REF] Alonso | Lepton universality violation and lepton flavor conservation in B-meson decays[END_REF][START_REF] Calibbi | Effective Field Theory Approach to b → s ( ) , B → K ( * ) ν ν and B → D ( * ) τ ν with Third Generation Couplings[END_REF][START_REF] Fornal | Left-Right SU(4) Vector Leptoquark Model for Flavor Anomalies[END_REF][START_REF] Di Luzio | Gauge leptoquark as the origin of B-physics anomalies[END_REF][START_REF] Assad | Baryon Number and Lepton Universality Violation in Leptoquark and Diquark Models[END_REF][START_REF] Calibbi | Model of vector leptoquarks in view of the B-physics anomalies[END_REF][START_REF] Bordone | A three-site gauge model for flavor hierarchies and flavor anomalies[END_REF][START_REF] Barbieri | B-decay anomalies in Pati-Salam SU(4)[END_REF][START_REF] Greljo | Third family quark-lepton unification at the TeV scale[END_REF][START_REF] Blanke | B Meson Anomalies in a Pati-Salam Model within the Randall-Sundrum Background[END_REF]. In this section, we consider a simplified model where this LQ is added to the SM and derive the mass and coupling constraints imposed by low-energy observables.

We define the U 1 couplings to the left-handed SM fermion doublets Q and L as

L U 1 ⊃ g ji LQ Qi γ µ L j U µ + h.c. (3.12)
From the tree-level matching at the scale Λ = M U , one finds

[C (1) 
LQ ] ijkl = [C (3) 
LQ ] ijkl = - Consequently, for a given leptoquark mass, a τ -channel contribution to R D ( * ) depends only on g 32 LQ and g 33 LQ , while a µ-channel contribution to R K ( * ) depends only on g 22 LQ and g 23 LQ . The NLO corrections to such semileptonic operators are known to be of the order 13% [START_REF] Aebischer | QCD improved matching for semileptonic B decays with leptoquarks[END_REF] and will be neglected in the following.

g jk LQ g il * LQ 2M 2 U . ( 3 
As has been shown in [START_REF] Crivellin | Importance of Loop Effects in Explaining the Accumulated Evidence for New Physics in B Decays with a Vector Leptoquark[END_REF], the U 1 leptoquark model generates one-loop matching contributions to the electric and chromomagnetic dipole operators in the WET. They can lead to relevant shifts in the Wilson coefficient C 7 at the b-quark scale, which are constrained by measurements of b → sγ observables (cf. [START_REF] Paul | Constraints on new physics from radiative B decays[END_REF]). In order to be sensitive to this possibly important effect, we will take the one-loop matching contributions to the SMEFT quark-dipole operators into account. These operators are defined as [START_REF] Grzadkowski | Dimension-Six Terms in the Standard Model Lagrangian[END_REF] [

O dB ] ij = ( Qi σ µν d j )ϕB µν , [O dW ] ij = ( Qi σ µν d j )σ a ϕW a µν , (3.14) [O dG ] ij = ( Qi σ µν T A d j )ϕG A µν . (3.15)
The matching result depends on the couplings of the U 1 vector leptoquark to the SM gauge bosons, which can be written as

L U 1 ⊃ - 1 2 U † µν U µν + ig s k s U † µ T A U ν G A,µν + ig 2 3 k Y U † µ U ν B µν , ( 3.16) 
where

U µν = D µ U ν -D ν U µ with D µ = ∂ µ + ig s T A G A µ + ig 2 3 B µ . (3.17)
These couplings are determined by SM gauge invariance except for the two parameters k s and k Y . In the following, we make the choice k s = k Y = 1, which leads to a cancellation of divergent tree-level diagrams in U 1 -gluon and U 1 -B-boson scattering [START_REF] Ferrara | g = 2 as the natural value of the tree-level gyromagnetic ratio of elementary particles[END_REF] and further avoids logarithmically divergent contributions to the dipole operators [START_REF] Barbieri | Anomalies in B-decays and U (2) flavour symmetry[END_REF], making them finite and gauge independent. We note that k s = k Y = 1 is automatically satisfied in any model in which the U 1 leptoquark stems from the spontaneous breaking of a gauge symmetry but can also be realized for a composite U 1 [START_REF] Barbieri | B-decay Anomalies in a Composite Leptoquark Model[END_REF].

CHAPTER 3. THEORY PATHS FORWARD

We perform the one-loop matching at the scale Λ = M U by computing the diagrams shown in Fig. 3.5. Working in the basis in which the down-type Yukawa matrix is diagonal, and using the conventions mentioned above, we find the Wilson coefficients of the EW dipole operators

[C dW ] 23 = Y b g 16π 2 1 6 g i2 LQ g i3 * LQ M 2 U , [C dW ] 32 = Y s g 16π 2 1 6 g i3 LQ g i2 * LQ M 2 U , (3.18) [C dB ] 23 = Y b g 16π 2 - 4 9 g i2 LQ g i3 * LQ M 2 U , [C dB ] 32 = Y s g 16π 2 - 4 9 g i3 LQ g i2 * LQ M 2 U , (3.19)
where Y b and Y s denote the Yukawa couplings of the b and s quark respectively and a summation over the lepton index is implied. The Wilson coefficients of the chromomagnetic dipole operators at the matching scale read

[C dG ] 23 = Y b g s 16π 2 - 5 12 g i2 LQ g i3 * LQ M 2 U , [C dG ] 32 = Y s g s 16π 2 - 5 12 g i3 LQ g i2 * LQ M 2 U . (3.20)
Using the tree-level matching conditions from SMEFT onto WET [START_REF] Aebischer | Matching of gauge invariant dimension-six operators for b → s and b → c transitions[END_REF][START_REF] Jenkins | Low-Energy Effective Field Theory below the Electroweak Scale: Operators and Matching[END_REF], we have checked that these results are consistent with the findings in [START_REF] Crivellin | Importance of Loop Effects in Explaining the Accumulated Evidence for New Physics in B Decays with a Vector Leptoquark[END_REF].

R D ( * ) and indirect constraints

Within the defined framework we now search for a region of the leptoquark parameter space that explains all the B anomalies while at the same time avoids indirect low-energy constraints. We perform a fit with fixed M U = 2 TeV in the space of tauonic couplings g 32 LQ and g 33 LQ , which we take to be real for simplicity. This allows us to determine the region in which R D ( * ) can be explained by the semi-tauonic operators discussed in section 3.1.1. The results of the fit are shown in Fig. 3.6 and our findings are as follows:

• The strongest constraints are due to leptonic tau decays τ → νν, which receive a contribution due to RG running, 8 -B(B → X s γ), which receives a contribution from the one-loop matching onto dipole operators in SMEFT as discussed above. 9

8 Our analysis includes RG-induced logarithms. Note that the interactions in eq. (3.12) and (3.16) provide a simplified model and not a complete UV theory of the U1-leptoquark. In such a UV theory, it could in principle be possible that the RG-induced logarithms are (partially) cancelled by finite terms, which are not present in the simplified model. Barring cancellations, and in view of the renormalization-scale independence of the full result -logarithms plus analytic terms -the contributions from the RG-induced logarithms usually provide a realistic estimate of the size of the effects. 9 Such contributions are, however, model-dependent. For example, they will be quite different in models with additional vector-like fermions running in the loops [START_REF] Calibbi | Model of vector leptoquarks in view of the B-physics anomalies[END_REF][START_REF] Bordone | A three-site gauge model for flavor hierarchies and flavor anomalies[END_REF], as shown explicitly in Ref. [START_REF] Cornella | Revisiting the vector leptoquark explanation of the B-physics anomalies[END_REF]. We are recovering here the results of section 2.1.1. Indeed, in a thirdgeneration dominated scenario, one would have g 32 LQ g 33 LQ on top of the R D ( * ) constraint. This region of the plot is clearly excluded by leptonic tau decays, as foreseen around eq. (2.12). This underlines the importance of taking into account loop effects, both in the RG running and in the matching, as emphasized in [START_REF] Feruglio | Revisiting Lepton Flavor Universality in B Decays[END_REF][START_REF] Feruglio | On the Importance of Electroweak Corrections for B Anomalies[END_REF][START_REF] Crivellin | Importance of Loop Effects in Explaining the Accumulated Evidence for New Physics in B Decays with a Vector Leptoquark[END_REF].

• A combined fit to R D ( * ) and leptonic tau decays selects a well-defined region in the space of g 32 LQ and g 33 LQ in which R D ( * ) can be explained while satisfying all constraints.

• In order to explain R D ( * ) while at the same time avoiding exclusion at the 2σ level from leptonic tau decays, a minimal ratio of tauonic couplings

g 32 LQ g 33 LQ 0.1
is required (assuming vanishing right-handed couplings), which is compatible with findings in [START_REF] Buttazzo | B-physics anomalies: a guide to combined explanations[END_REF]. This puts some tension on models based on a U (2) Q
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flavor symmetry [START_REF] Barbieri | Anomalies in B-decays and U (2) flavour symmetry[END_REF][START_REF] Buttazzo | B-physics anomalies: a guide to combined explanations[END_REF][START_REF] Bordone | A three-site gauge model for flavor hierarchies and flavor anomalies[END_REF][START_REF] Greljo | Third family quark-lepton unification at the TeV scale[END_REF], where the natural expectation for the size of LQ and g 23 LQ at 2 TeV. Fits are shown for vanishing tauonic couplings g 32 LQ = 0, g 33 LQ = 0 (left) and at the benchmark point g 32 LQ = 0.6, g 33 LQ = 0.7 (right). The grey area is excluded at the 2σ level. For observables that only constrain one degree of freedom (here NCLFU and b → sµµ observables), 1σ contours correspond to ∆χ 2 = 1, while for the lepton flavour violating observables, the 2σ contour corresponds to ∆χ 2 ≈ 6.2. The dashed contours refers to pre-Moriond data of the corresponding solid contour.

Based on the above results, we select a benchmark point from the best-fit region in the fit to tauonic couplings,

g 32 LQ = 0.6 , g 33 LQ = 0.7 , ( 3.21) 
which is also shown in Fig. 3.6. We then perform two fits in the space of muonic couplings g 22 LQ and g 23 LQ shown in Fig. 3.7: one for vanishing tauonic couplings (left panel) and one at the benchmark point g 32 LQ = 0.6, g 33 LQ = 0.7 (right panel). Our findings are as follows:

• For vanishing tauonic couplings (left panel of Fig. 3.7), the data available before Moriond 2019 leads to a very good agreement between the fits to b → sµµ (orange contour) and NCLFU observables (dashed blue contour), while the R D ( * ) measurements cannot be explained in this scenario. Taking into account the updated and new measurements of R K ( * ) presented at Moriond 2019, one finds a slight tension between the fits to b → sµµ (orange contour) and NCLFU observables (solid blue contour). This is analogous to the tension mentioned in fit in the WET basis.

A GLOBAL ANALYSIS AFTER MORIOND 2019

• The tension disappears if one considers non-zero tauonic couplings that can also explain R D ( * ) , which is exemplified in the right panel of Fig. 3.7 for the benchmark point g 32 LQ = 0.6, g 33 LQ = 0.7. As discussed in section 3.1.1, the semi-tauonic operators obtained from the tree-level matching (cf. eq. (3.13)) induce a lepton-flavour universal contribution to C 9 , which affects the predictions of b → sµµ observables and makes the fits to b → sµµ and NCLFU observables again compatible with each other at the 1σ level. Consequently, the deviations in neutral current and charged current B-decays can all be explained at once. This very well agrees with our findings in the SMEFT scenario in section 3.1.1.

• Given the presence of non-zero values for the tauonic couplings at the benchmark point, the strongest constraint on the muonic couplings g 22 LQ and g 23 LQ is due to LFV observables, in particular τ → φµ and B → Kτ µ. The region in the space of muonic couplings that is excluded at the 2σ level by these observables is shown in gray in the right panel of Fig. 3.7.

Having identified a viable benchmark point, we conclude that the U 1 vector leptoquark can still provide an excellent description of the B anomalies while satisfying all indirect constraints.

Comparison between indirect and direct constraints

In addition to indirect constraints, high-p T signatures of models containing a U 1 leptoquark have been discussed in detail considering current and future LHC searches [START_REF] Faroughy | Confronting lepton flavor universality violation in B decays with high-p T tau lepton searches at LHC[END_REF][START_REF] Angelescu | Closing the window on single leptoquark solutions to the B-physics anomalies[END_REF][START_REF] Greljo | High-p T dilepton tails and flavor physics[END_REF][START_REF] Diaz | The leptoquark Hunter's guide: Pair production[END_REF][START_REF] Greljo | Mono-τ Signatures at the LHC Constrain Explanations of B-decay Anomalies[END_REF][START_REF] Baker | Highp T signatures in vector-leptoquark models[END_REF]. In this section, we compare direct constraints found in the latest study, [START_REF] Baker | Highp T signatures in vector-leptoquark models[END_REF], to the strong indirect constraints discussed in the previous section.

To this end, we adopt the notation of [START_REF] Baker | Highp T signatures in vector-leptoquark models[END_REF] and use the parameters β ij L and g U , which are related to our notation by

g ij LQ = β ji L g U √ 2 . ( 3.22) 
We perform a fit with fixed g U = 3, β 33 L = 1 (i.e. g 33 LQ ≈ 2) in the space of M U and β 23 L . These values are chosen to allow for a direct comparison with the constraint from pp → τ τ shown in Fig. 1 of [START_REF] Baker | Highp T signatures in vector-leptoquark models[END_REF] and pp → τ ν shown in Fig. 6 of [START_REF] Baker | Highp T signatures in vector-leptoquark models[END_REF]. We include both of these direct constraints in our Fig. 3.8 as hatched areas. In addition, we show the results from our fit, namely the constraint from leptonic τ decays and the region preferred by the R D ( * ) measurements. Our findings are as follows:

• The indirect constraint from leptonic τ decays is stronger than the direct constraints in nearly all of the parameter space shown in Fig. 3.8, except for a small region at large β 23 L 0.75, where the constraint from pp → τ ν is the strongest one. L (cf. eq. (3.22)). The green region is the preferred region from R D ( * ) , while the gray shaded area is excluded by leptonic tau decays at the 2σ level. The hatched areas are excluded by LHC searches recasted in [START_REF] Baker | Highp T signatures in vector-leptoquark models[END_REF].

• In the region where R D ( * ) can be explained, the indirect constraint from leptonic τ decays is considerably stronger than the direct ones.

• Small values for

β 23 L β 33 L
as naturally expected in models based on a U (2) Q flavour symmetry require a relatively small mass M U to explain R D ( * ) . Thus, as also pointed out in [START_REF] Buttazzo | B-physics anomalies: a guide to combined explanations[END_REF][START_REF] Faroughy | Confronting lepton flavor universality violation in B decays with high-p T tau lepton searches at LHC[END_REF], there is already some tension between this natural expectation and the direct searches.

We note that the direct constraints shown in Fig. 3.8 depend on the coupling strength g U . While the assumptions g U = 3, β 33 L = 1 lead to a lower bound on the leptoquark mass M U 2.7 TeV, this bound does not apply to the scenario discussed in the previous section, which features considerably smaller couplings 10 . Latest direct constraints from U 1 pair production that are independent of the coupling strength g U only exclude masses M U 1.5 TeV [START_REF] Angelescu | Closing the window on single leptoquark solutions to the B-physics anomalies[END_REF][START_REF] Baker | Highp T signatures in vector-leptoquark models[END_REF]. Therefore, the scenario discussed in the previous section is currently not constrained by direct searches.

Conclusions

A new-physics effect in the semi-muonic Wilson coefficient C µµ 9 continues to give a much improved fit to the data compared to the SM. However, compared to previous global analyses, we find that there is now also a preference for a non-zero value of the semi-muonic Wilson coefficient C µµ 10 , mostly driven by the global combination of the B s → µ + µ -branching ratio including the ATLAS measurement. The single-coefficient scenario giving the best fit to the data is the one where C µµ 9 = -C µµ 10 , which is known to be well suited to UV-complete interpretations, and indeed is predicted in several new-physics models with tree-level mediators coupling dominantly to left-handed fermions. We have also studied the possibility of a simultaneous interpretation of the b → s data and the discrepancies in b → cτ ν transitions in the framework of a global likelihood in SMEFT Wilson coefficient space. We find one especially compelling scenario, characterised by new physics in all-left-handed semi-tauonic four-fermion operators. These operators can explain directly the discrepancies in b → cτ ν transitions, and, at the same time, radiatively induce a lepton flavour universal contribution to the b → s Wilson coefficients. An additional non-zero semi-muonic Wilson coefficient then allows accommodating the R K ( * ) discrepancies. Such picture can be quantitatively realized in the context of the U 1 leptoquark simplified model, and we find that indeed an excellent description of the data can be obtained, including the deviations in b → cτ ν transitions. This scenario results in experimental predictions that we summarized in Table 3.2.

In the next section we will briefly present a possible UV completion for the U 1 leptoquark simplified model and show that it can be enhanced by DM fermionic multiplet that leads to a model in natural agreement with the relic-density observation and with the most severe direct detection bounds.

B-anomalies and Dark Matter

As discussed in the introduction, DM is one of the strongest observational arguments in favour of physics beyond the Standard Model.

Despite its cosmological origins, DM triggered a lot of development in particle physics. One of the reasons of this concern is the so-called weakly interactive massive particle (WIMP) 'miracle', namely that a massive particle whose couplings to the SM are of the order of the weak scale reproduces the observed DM density in the Universe 11 . Intriguingly, the mass scale preferred by WIMP scenarios ranges from a few tens of GeV to a few tens of TeV [START_REF] Roszkowski | WIMP dark matter candidates and searches -current status and future prospects[END_REF], similar to the scales hinted at by the B anomalies. This resemblance suggests a combined explanation to both CHAPTER 3. THEORY PATHS FORWARD puzzles, already proposed in several publications [START_REF] Sala | A New Light Particle in B Decays?[END_REF][START_REF] Aristizabal | Shedding light on the b → s anomalies with a dark sector[END_REF][START_REF] Celis | Dirac dark matter and b → s +with U(1) gauge symmetry[END_REF][START_REF] Altmannshofer | Explaining dark matter and B decay anomalies with an L µ -L τ model[END_REF][START_REF] Ko | Explaining B → K ( * ) +anomaly by radiatively induced coupling in U (1) µ-τ gauge symmetry[END_REF][START_REF] Cline | Hidden sector explanation of B-decay and cosmic ray anomalies[END_REF][START_REF] Ellis | Anomaly-Free Models for Flavour Anomalies[END_REF][START_REF] Kawamura | Interplay between the b→ s anomalies and dark matter physics[END_REF][START_REF] Hati | Reconciling B-meson decay anomalies with neutrino masses, dark matter and constraints from flavour violation[END_REF][START_REF] Cline | from dark matter exchange[END_REF][START_REF] Baek | Dark matter contribution to b → sµ + µanomaly in local U (1) Lµ-Lτ model[END_REF][START_REF] Vicente | Anomalies in b → s transitions and dark matter[END_REF][START_REF] Cerdeño | B anomalies and dark matter: a complex connection[END_REF].

The next two sections investigate extensions of the models proposed in sections 3.1.2 and 2.2 and their possible links with DM.

Dark Matter in the 4321 model(s)

Let us first consider possible UV completions for the simplified U 1 leptoquark model discussed in section 3.1.2. In this section, adapted from [308], we would like to address the possibility that the vector bosons appearing in these completions serve as mediators between SM fermionic currents and a DM current. We therefore consider a fermionic DM candidate χ 0 that fulfils the following assumptions (cf. e.g. [START_REF] Cirelli | Minimal dark matter[END_REF][START_REF] Baker | The Coannihilation Codex[END_REF])

(i) it is a thermal relic,
(ii) it is colourless and electrically neutral, (iii) it has zero hypercharge to avoid direct-detection bounds (as discussed later in this section).

In our model, scalar DM can annihilate to SM particles via a Higgs portal, making DM phenomenology independent of the effects of the new vector bosons. For this reason, we restrict our study to fermionic DM candidates.

models in a nutshell

The U 1 LQ appears in Pati-Salam models [START_REF] Pati | Lepton Number as the Fourth Color[END_REF] where the SM SU (3) c is embedded in a larger gauge group SU (4). As well known, these models cannot reproduce the flavour structure needed to explain the anomalies. Variants of the Pati-Salam model can however be built based on the '4321' gauge group [START_REF] Bordone | Low-energy signatures of the PS 3 model: from B-physics anomalies to LFV[END_REF][START_REF] Di Luzio | Gauge leptoquark as the origin of B-physics anomalies[END_REF][START_REF] Bordone | A three-site gauge model for flavor hierarchies and flavor anomalies[END_REF][START_REF] Greljo | Third family quark-lepton unification at the TeV scale[END_REF][START_REF] Blanke | B Meson Anomalies in a Pati-Salam Model within the Randall-Sundrum Background[END_REF][START_REF] Cornella | Revisiting the vector leptoquark explanation of the B-physics anomalies[END_REF][START_REF] Diaz | The leptoquark Hunter's guide: Pair production[END_REF][START_REF] Georgi | Diphoton resonance from a new strong force[END_REF][START_REF] Di Luzio | Maximal Flavour Violation: a Cabibbo mechanism for leptoquarks[END_REF][START_REF] Fuentes-Martín | Third-family quark-lepton unification with a fundamental composite Higgs[END_REF]]

SU (4) × SU (3) × SU (2) L × U (1) X . (3.23)
The SM group is recovered below a scale v LQ where the spontaneous breaking

SU (4) × SU (3) × U (1) X → SU (3) c × U (1) Y (3.24)
takes place. We denote by H α µ , C a µ , and B µ the gauge bosons of SU (4), SU (3) , and U (1) X respectively, where α = 1, . . . , 15 and a = 1, . . . , 8. The breaking eq. (3.24) yields a massive

U 1 ∼ (3, 1) 2/3 leptoquark U ± µ 1,2,3 = 1 √ 2 (H 9,11,13 µ ∓ iH 10,12,14 µ ) , ( 3.25) 
as well as a massive Z µ ∼ (1, 1) 0 and a massive gluon-like 'colouron' fields G a µ ∼ (8, 1) 0 , given by the linear combinations

Z µ = H 15 µ cos θ 41 -B µ sin θ 41 , G a µ = H a µ cos θ 43 -C a µ sin θ 43 .
(3.26)
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The angle θ 41 and θ 43 are related to the coupling constants g 4 , g 3 , g 1 , g s , and g Y (for SU (4), SU (3) , U (1) X , SU (3) c , and U (1) Y respectively), analogously to the weak-mixing angle, by

cos θ 41 = g 4 g 2 4 + 2 3 g 2 1 = g Y g 1 , cos θ 43 = g 4 g 2 4 + g 2 3 = g s g 3 . (3.27)
The masses of the new bosons are then given by

M 2 U = 1 4 g 2 4 v 2 LQ , M 2 Z = 1 4 g 2 4 + 2 3 g 2 1 v 2 LQ , M 2 G = 1 4 g 2 4 + g 2 3 v 2 LQ , (3.28) 
such that the U 1 has the smallest tree-level mass.

The derivation of the couplings between U 1 , Z , and G and the SM fermions is given in Appendix A.3. These couplings read

L Z ⊃ g 4 2 √ 6 cos θ 41 Z µ ξ i Q Qi γ µ Q i + ξ i u ūi γ µ u i + ξ i d di γ µ d i -3 ξ i L Li γ µ L i + ξ i e ēi γ µ e i + ξ ν ν3 γ µ ν 3 , L G ⊃ g 4 cos θ 43 G a µ κ i Q Qi γ µ T a Q i + κ i u ūi γ µ T a u i + κ i d di γ µ T a d i , L U 1 ⊃ g 4 √ 2 U + µ β ij L Qi γ µ L j + β de d3 γ µ e 3 + β uν ū3 γ µ ν 3 + h.c. , (3.29) 
where the constants κ and ξ that appear in the G and Z couplings are collected in table 3.3, ν i stand for right-handed neutrinos and the constants β that appear in the U 1 couplings are given by

β L =    sin θ Q 1 sin θ L 1 0 0 0 sin θ Q 2 sin θ L 2 cos θ LQ sin θ Q 2 sin θ LQ 0 -sin θ L 2 sin θ LQ cos θ LQ    , β de = e iφe , β uν = e iφν .
(3.30)

The effective model of the previous section is recovered with the identification g 4 = g U in eq. (3.22). While the parametrization described above allows explaining the B-meson anomalies and avoids strong constraints from large flavour violating effects, the number of parameters can be further reduced by the following phenomenologically motivated assumptions:

• To maximize the agreement with the B-decay measurements that deviate from the SM, one can take β de = -1 [START_REF] Cornella | Revisiting the vector leptoquark explanation of the B-physics anomalies[END_REF], which fixes the phase φ e = π. • Since the phase φ ν is currently not constrained by any measurement one can use φ ν = 0 for simplicity.
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Field

κ ξ i = 1, 2 i = 3 i = 1, 2 i = 3 Q i sin 2 θ Q 1,2 -sin 2 θ 43 cos 2 θ 43 sin 2 θ Q 1,
• An approximate U (2) symmetry in the quark sector, i.e. θ Q 1 ≈ θ Q 2 , can be employed to suppress tree-level FCNCs in the up-quark sector that are mediated by the Z and G [START_REF] Di Luzio | Maximal Flavour Violation: a Cabibbo mechanism for leptoquarks[END_REF]. Without such a U (2) protection, excessive contributions to ∆C = 2 observables would be possible.

• The first-generation lepton doublet can be taken to be purely a singlet of SU (4), i.e. θ L 1 = 0, to be safe from LFV due to U 1 couplings involving the electron.

Making all of the above assumptions and defining θ

Q 12 = θ Q 1 = θ Q 2 ,
the only remaining free parameters in the fermion sector are θ Q 12 , θ L 2 , and θ LQ .

In addition to the assumptions (i-iii) made on the DM candidate, we assume the two following points.

(iv) The DM candidate is the component of a massive vector-like fermion multiplet Ψ DM , (v) (co-)annihilation proceeds via 2 → 2 processes induced at tree level through the new vector bosons U 1 , G , and Z .

Assumptions (ii-iv) restricts the possible representation of the DM multiplet under the 4321 group. In particular, (ii) and (iii) require that Ψ DM transforms under an odd representation of SU (2) L and fixes the U (1) X hypercharge for each SU (4) representation. Guided by minimality, we restrict our discussion to singlets of The dark matter candidate χ 0 is then identified with the electrically neutral component of the SU (2) L N-plet χ. The remaining components are refered to as co-annihilation partners [START_REF] Cirelli | Minimal dark matter[END_REF]. Eq. (3.29) is then augmented with the following terms
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L Z ⊃ g 4 2 √ 6 cos θ 41 Z µ ξ ψ ψγ µ ψ -3ξ χ χγ µ χ , L G ⊃ g 4 cos θ 43 G a µ κ ψ ψγ µ T a ψ , L U 1 ⊃ g 4 √ 2 U + µ ψγ µ χ + h.c. (3.33)
where ξ ψ,χ and κ ψ are given in Table 3.3. Note that in the present setup, renormalizable couplings between the DM candidates and SM particles can be written for N = 1 and N = 3. Indeed, for N = 1, ψ has the same quantum numbers as a right-handed up-type quark and even a small mixing between ψ and u i can make χ unstable on cosmological time-scales. For N = 3, a coupling between χ, the Higgs and a lepton doublet would open the decay channel of DM to a Higgs and a neutrino. For these two cases we therefore advocate an additional symmetry that protects the DM candidate and make it a viable relic. For N = 5 no such term can be written and these additional arguments are not needed [START_REF] Cirelli | Minimal dark matter[END_REF].

Although no tree-level term introduces a mass-splitting between χ and ψ, these fermions get mass corrections at one-loop due to the gauge bosons associated to the spontaneously broken symmetries. Such correction is crucial for the phenomenology because for a small splitting, comparable or smaller than the freeze-out temperature, the co-annihilation partners become as kinematically accessible as the DM candidate. The mass splitting due to the non-trivial transformation under SU (2) L between components ξ and η of a VL multiplet of hypercharge Y and mass M , ∆ ξη ≡ (M ξ -M η )/ M , is well known (cf. e.g. [START_REF] Cirelli | Minimal dark matter[END_REF])

∆ EW ξη = g 2 16 π 2 (Q ξ -Y ) 2 -(Q η -Y ) 2 f M W M -f M Z M + s 2 W (Q 2 ξ -Q 2 η ) f M Z M , ( 3.34) 
where Q ξ and Q η are the electric charges of ξ and η, and f (r) is the finite loop function

f (r) = r 4 ln r -r 2 + r 2 r 2 -4 r 2 + 2 ln r 2 2 - r 2 r 2 -4 -1 . (3.35)
For reference, the relative mass splitting within the ψ and χ SU (2) L multiplets of our DM sector is between O(10 -3 ) and O(10 -4 ) for M = O(1 TeV). This result can be generalized to the one-loop mass splitting induced by the vector bosons associated with the 43(2)1 symmetry breaking. Applying the generic result of Ref. [308] to our DM candidate χ and its coloured co-annihilation partner ψ, the mass splitting is given by

∆ 4321 ψχ = g 2 4 16 π 2 f M U M + 1 3 (2 sin 2 θ 41 + 1) f M Z M + 4 3 (sin 2 θ 43 -1) f M G M . ( 3 

.36) The value of ∆ 4321

ψχ is around 8 -15% for the parameter region of interest (see fig. 3.9) and its impact on the phenomenology will be discussed in the following. Note that additional mass-splittings arise from the non-zero temperature at which the freeze-out process takes place. These additional corrections are however negligible with respect to the one given in eq. (3.36) [308].

Dark matter relic abundance

The first constraint on our DM candidate is that it reproduces the relic abundance observed today, Ω 0 h 2 . To obtain this quantity, the first step consists in the estimation of the freeze-out temperature T f at which the DM candidate decouple from thermal equilibrium. Defining x ≡ M χ 0 /T and x f = x| T f , this temperature
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is constrained by the relation [START_REF] Griest | Three exceptions in the calculation of relic abundances[END_REF] x f = ln 0.038

g eff M Pl M χ 0 σ eff v g 1/2 * x 1/2 f , ( 3.37) 
where M Pl = 1.22 × 10 19 GeV and g * is the total number of effectively relativistic d.o.f. at freeze-out. Eq. (3.37) also contains two effective quantities, g eff that denotes the number of effective d.o.f. within the DM sector and the thermally averaged annihilation cross-section σ eff v . After freeze-out, the relic abundance is subject to post-freeze-out annihilation processes. The efficiency of this postfreeze-out annihilation is given by [START_REF] Griest | Three exceptions in the calculation of relic abundances[END_REF][START_REF] Jungman | Supersymmetric dark matter[END_REF]]

J ≡ ∞ x f σ eff v x 2 dx , ( 3.38) 
which yield to the present-day DM abundance13 

Ω 0 h 2 = 45 π s 0 ρ c 1 g 1/2 * M Pl J 1.07 × 10 9 GeV -1 g 1/2 * M Pl J . (3.39)
The main dynamical quantity entering this estimation is the thermally averaged cross-section σ eff v . In the presence of co-annihilation partners, the latter and the effective number of degree of freedom are given by [START_REF] Griest | Three exceptions in the calculation of relic abundances[END_REF] 

g eff = i g χ (1 + ∆ χ i ) 3/2 e -x ∆χ i + g ψ (1 + ∆ ψ i ) 3/2 e -x ∆ ψ i , σ eff = 1 g 2 eff i,j σ χ i χ j g 2 χ (1 + ∆ χ i ) 3/2 (1 + ∆ χ j ) 3/2 e -x(∆χ i +∆χ j ) + σ ψ i ψ j g 2 ψ (1 + ∆ ψ i ) 3/2 (1 + ∆ ψ j ) 3/2 e -x(∆ ψ i +∆ ψ j ) + 2 σ χ i ψ j g χ g ψ (1 + ∆ χ i ) 3/2 (1 + ∆ ψ j ) 3/2 e -x(∆χ i +∆ ψ j ) , ( 3.40) 
where the indices i and j run over the N components of the SU (2) L multiplets χ and ψ and e.g.

σ χ i ψ j ≡ σ(χ i ψ j → XX ) , (3.41)
X, X denoting any particles other than χ and ψ. Besides g χ = 4 and g ψ = 12 denote the internal (spin, colour, ...) d.o.f. of the components of these multiplets. For the relative mass splitting ∆

χ i = (M χ i -M χ 0 )/M χ 0 and ∆ ψ i = (M ψ i -M χ 0 )/M χ 0 ,
the discussion around eq. (3.36) allows the following simplification

M χ i → M χ , M ψ i → M ψ , ∆ χ i → 0 , ∆ ψ i → ∆ ψ . (3.42)
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Employing this replacement, eq. (3.40) simplifies to

g eff = N g χ + g ψ (1 + ∆ ψ ) 3/2 e -x ∆ ψ , σ eff = 1 g 2 eff i,j σ χ i χ j g 2 χ + 2 σ χ i ψ j g χ g ψ (1 + ∆ ψ ) 3/2 e -x∆ ψ + σ ψ i ψ j g 2 ψ (1 + ∆ ψ ) 3 e -2x∆ ψ . (3.43)
Numerically, g eff differs considerably from N (g χ +g ψ ) for x = x f . Indeed, plugging ∆ ψ ≈ 0.1 as computed in eq. (3.36) yields the suppression factor

ε ψ ≡ (1 + ∆ ψ ) 3/2 e -x ∆ ψ ≈ 0.06 . (3.44)
The cross sections σ χ i χ j , σ χ i ψ j , and σ ψ i ψ j are due to the exchange of either SM bosons or the new heavy gauge bosons U 1 , Z , and G . Because of the dependence of the cross sections on the fourth power of the couplings, contributions due to the electroweak sector are negligible compared to those involving the relatively strongly coupled new heavy gauge bosons or gluons. We find that all the cross sections mediated by U 1 , Z , G , and gluons are of comparable size. However, from eq. (3.43), one sees that σ χ i ψ j and σ ψ i ψ j are suppressed by one and two power of ε ψ respectively, which means that the freeze-out process is mainly driven by Z exchange.

Although all cross-sections are kept in the numerical analysis, the phenomenology can be understood assuming only Z exchange. Neglecting the masses of the annihilation products, we define [START_REF] Cannoni | Relativistic σv rel in the calculation of relics abundances: a closer look[END_REF] σ 0 (y) = 2 y 2 -y σ eff (y) (3.45) where we substituted s by the dimensionless variable y = s/(4 M 2 χ ). Using σ eff as in eq. (3.43), eq. (3.45) yields

σ 0 (y) ≈ 1 128 π g 4 cos θ 41 4 M 2 χ (2 y 2 + y) (4 y M 2 χ -M 2 Z ) 2 1 N f ({ξ i }) , (3.46) 
where for brevity we introduced the flavour function

f ({ξ i }) ≡ 3 i=1 2|ξ i Q | 2 + |ξ i u | 2 + |ξ i d | 2 + 3(2|ξ i L | 2 + |ξ i e | 2 + |ξ i ν | 2 ) . (3.47)
This function has values of typical order O(10). For example, from Table 3.3 with

g 4 = 3, sin θ Q 12 = 0.2, one has f ({ξ i }) ≈ 16.
In the large x f limit one has σ eff v ≈ σ 0 (1) [START_REF] Cannoni | Relativistic σv rel in the calculation of relics abundances: a closer look[END_REF]. Plugging eq. (3.46) into eqs. (3.38) and (3.39), and taking the representative value g 4 = 3, we find in the limit 4M

2 χ M 2 Z Ω 0 h 2 ≈ 0.06 N f ({ξ i }) v LQ 5 TeV 2 v LQ M χ 2 .
(3.48)
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From this equation, it is clear that the experimental measurement Ω 0 h 2 = 0.120 ± 0.001 [START_REF] Aghanim | Planck 2018 results. VI. Cosmological parameters[END_REF] can be reproduced for DM masses of a few hundreds of GeV.

Considering also U 1 exchanges and the 1/x f correction to σ eff v leads to the constraints displayed on Fig. M U where the production of on-shell leptoquarks challenges our assumption (v), namely that phenomenology takes place only through 2 → 2 processes. The small dependence on g 4 , more constrained by other observables to follow, allows Ω 0 h 2 to be comfortably reproduced for the following ranges 

M χ [GeV] ∈ [ 

Direct and Indirect Detection

Scattering of the DM candidate on nuclei is one of the most constraining signal for DM. The experimental bounds, set by numerous experiments [START_REF] Akerib | Results from a search for dark matter in the complete LUX exposure[END_REF][START_REF] Cui | Dark Matter Results From 54-Ton-Day Exposure of PandaX-II Experiment[END_REF][START_REF] Aprile | Dark Matter Search Results from a One Ton-Year Exposure of XENON1T[END_REF], already forced us to odd values of N to have a zero-hypercharge DM candidate and hence to avoid a direct coupling to the SM matter. On the other hand, our model still contains a tree-level contribution mediated by the Z . Since DM is non-relativistic, and since M Z is also much larger than the relevant momentum transfer, the scattering process with the nucleon constituents may be accounted by a local Lagrangian

L χq = g 2 Z 12 M 2 Z ξ χ ( χγ µ χ) (ξ i Q Qi γ µ Q i + ξ i u ūi γ µ u i + ξ i d di γ µ d i ) , ( 3.50) 
g 4 cos θ 41 . Furthermore, if we are able to neglect corrections due to the finite momentum transfer between the DM and the nucleons, we may parametrize the matrix elements between vector or axial-vector quark q currents and the external-state nucleons N as

N (p )|qγ µ q|N (p) p= p =0 = F q/N 1 (0) ūN (p )γ µ u N (p) , N (p )|qγ µ γ 5 q|N (p) p= p =0 = F q/N A (0) ūN (p )γ µ γ 5 u N (p) . (3.51)
For the two form factors at zero momentum transfer we follow conventions common in the literature. In particular, F q/N 1 (0) counts the number of valence quarks q in the nucleon N , e.g. F d/n 1 (0) = 2. Eqs. (3.50)-(3.51) yield the following spinindependent cross-section for elastic scattering between DM and a single nucleon

N = p or n σ N SI = g 4 Z ξ 2 χ M 2 N 144π M 4 Z |C N V | 2 , ( 3.52) 
where

C p V = 3ξ 1 Q + 2ξ 1 u + ξ 1 d 2 , C n V = 3ξ 1 Q + 2ξ 1 d + ξ 1 u 2 . (3.53)
Starting from eq. (3.52), in order to estimate the matrix element on a nucleus N with mass number A and atomic number Z, one may assume (see e.g. [START_REF] Salati | Indirect and direct dark matter detection[END_REF][START_REF] Anand | Weakly interacting massive particle-nucleus elastic scattering response[END_REF]) that DM scatters coherently on the A nucleons of the target. In the static limit, the DM -nucleon cross section measured by experiments operating with nuclei N as target material can thus be estimated from eq. (3.52) with the replacement

|C N V | 2 → |ZC p V + (A -Z)C n V | 2 A 2 . (3.54)
This approach is approximate for several reasons (amply discussed in the literature, see e.g. [START_REF] Bishara | From quarks to nucleons in dark matter direct detection[END_REF] for a recent review). First, eqs. (3.50) and (3.51) are defined at different scales and renormalization-group effects should be taken into account. Second, the underlying assumption of a point-like nucleon in (3.51) is challenged by the potentially large DM momentum. However, from a numerical study based on public codes, it appears that for the DM mass ranges of eq. (3.49), this crude approach give a quite realistic result [308]. The spin-independent DM-nucleon cross-section is displayed in Fig. 3.11. Due to a somewhat magical compensation in the ξ Q,u,d terms, the cross-section presents sin θ Q 12 -dependent holes. It is quite remarkable that experimental constraints, that can be as strong as σ N SI < 10 -45 cm 2 , selects region of the parameter space fully compatible with the requirement of the B anomalies. As can be seen on this figure, this limit can be comfortably satisfied with the choice sin θ Q 12 0.2 and g 4 3.

As concerns indirect detection, our DM candidate may also be constrained by the production of cosmic rays due to DM annihilations in the Milky Way and elsewhere. Out of the numerous channels probed by experiments, three are relevant and potentially constraining for our model, namely χχ → γγ, τ + τ -and W + W - (for a recent review see [START_REF] Leane | Indirect Detection of Dark Matter in the Galaxy[END_REF]). As already noted below eq. (3.43), the W + W - channel has a smaller cross-section than the τ + τ -one. As the experimental bound is also weaker for the W flux [START_REF] Collaboration | Dark matter search in the inner galactic center halo with H.E.S.S[END_REF], we focus hereafter on the two other channels. The present-day χ 0 χ 0 → τ τ cross-section, velocity-averaged within the Milky Way, may be estimated using eq. (3.46) where the limit x → ∞ is amply justified by the present-day temperature. In this respect, we will denote such cross-section simply as σv, following a similar notation used throughout the literature. We obtain σ(χ
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0 χ 0 → τ τ )v N σ 0 (1)| f ({ξ i })=6|ξ 3 | 2 +3|ξ 3 e | 2 , ( 3.55) 
where the choice of f ({ξ i }) specializes σ 0 (1) to the χ 0 χ 0 → τ τ case. This cross-section is displayed in Fig. 3.12 (left). The width of the prediction corresponds to the range of v LQ values compatible with the Ω 0 h 2 constraint for a given M χ and taking into account the accuracy of 15% we attach to our analytic Ω 0 h 2 calculation. The dashed line shows the value required to obtain the full relic density, if this were the only annihilation channel. Our prediction is below the current HESS bound [START_REF] Collaboration | Dark matter search in the inner galactic center halo with H.E.S.S[END_REF], but close to it14 . An improvement of the limit by a factor of a few would offer a valuable probe of our scenario.

The discussion of the χ 0 χ 0 → γγ channel, induced at one loop via W -χ or U 1 -ψ exchange, is much more involved. The W -χ contribution is well-known in the large-M χ limit and yields (cf. e.g. [START_REF] Cirelli | Minimal dark matter[END_REF][START_REF] Hisano | Non-perturbative effect on dark matter annihilation and gamma ray signature from galactic center[END_REF]) 

15 σv (N 2 -1) 2 πα 2 em α 2 2 16M 2 W (N 2 -1) 2 • 2 × 10 -29 cm 3 s -1 . ( 3 
M χ [GeV] 〈σv〉 [cm 3 •s -1 ]
Figure 3.12: Left: Velocity-averaged DM-annihilation cross section to τ τ at present time. The grey area denotes the region excluded by HESS [START_REF] Collaboration | Dark matter search in the inner galactic center halo with H.E.S.S[END_REF], whereas the blue band represents the prediction in our model. The dashed line is the value required for σv 0 to saturate the Ωh 2 constraint. Right: W -χ contribution to σ(χ 0 χ 0 → γγ) for N = 3, 5 and corresponding bounds from HESS [START_REF] Abdallah | Search for γ-Ray Line Signals from Dark Matter Annihilations in the Inner Galactic Halo from 10 Years of Observations with H[END_REF] and Fermi-LAT [START_REF] Ackermann | Updated search for spectral lines from Galactic dark matter interactions with pass 8 data from the Fermi Large Area Telescope[END_REF]. See text for further details.

This cross-section may be compared with the 95% CL experimental bound in Refs. [START_REF] Abdallah | Search for γ-Ray Line Signals from Dark Matter Annihilations in the Inner Galactic Halo from 10 Years of Observations with H[END_REF][START_REF] Ackermann | Updated search for spectral lines from Galactic dark matter interactions with pass 8 data from the Fermi Large Area Telescope[END_REF] as shown in Fig. 3.12 (right). Assuming that interference with U 1 -ψ exchange diagrams does not significantly reduce the cross-section, already in the case N = 3 we obtain a velocity-averaged cross-section in excess of 10 -27 cm 3 • s -1 for M χ in the range of interest to us (cf. eq. (3.49)). The figure also shows the observed exclusion lines from HESS [START_REF] Abdallah | Search for γ-Ray Line Signals from Dark Matter Annihilations in the Inner Galactic Halo from 10 Years of Observations with H[END_REF] and from Fermi-LAT [START_REF] Ackermann | Updated search for spectral lines from Galactic dark matter interactions with pass 8 data from the Fermi Large Area Telescope[END_REF] in the respective M χ ranges, and assuming a NFW [START_REF] Navarro | The Structure of cold dark matter halos[END_REF] distribution for DM. We see that at face value this constraint favours N = 1, and strongly disfavours N ≥ 5.

For N = 1, the W -χ contribution is zero and a detailed analysis of the U 1 -ψ amplitude is required. Such a calculation is also interesting for N = 3, 5 in order to determine the interference terms. An accurate estimate of the χ 0 χ 0 → γγ cross-section in our model along these lines will be interesting to further test its different scenarios against data. Such comparison will also depend in an important way on the model assumed for the distribution of DM in the Milky Way -keeping in mind that different such models imply different 'best' regions of interest within the Celestial dataset at each given M χ .

Conclusion

We adopted the well-motivated 4321 completion of the simplified U 1 -based model and added a minimal DM sector composed of a fermionic multiplet sitting in the fundamental 4 of SU (4). We showed that the DM phenomenology was mainly 110
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driven by the Z boson and that a large range of parameters allowed for a combine explanation of B-anomalies and relic and direct detection constraints. These conclusions are presented in Fig. 3.13. Once a complete calculation and an accurate modelling of the astrophysical aspects are available, the constraints from indirect measurements, and in particular the DM annihilation into two photons, could offer a powerful set of tests of this model.

g 4 = 3 N = 1 N = 3 N = 5 Xenon1T excl .

Composite DM related to the horizontal symmetry

The maybe most constraining property of WIMPs is the need to be stable on cosmological time scales. This property often implies the presence of an additional, usually ad hoc, symmetry that forbid the decay of the DM candidate. We advocated for instance the presence of such symmetries in the N = 1 and 3 cases of the previous section. In the SM, the only global symmetry that provides stability to heavy particles is the U (1) B baryon symmetry. The conservation of the baryon number makes indeed the mean lifetime of the proton more than 10 29 years [START_REF] Zyla | Review of Particle Physics[END_REF]. An immediate question is whether a similar symmetry can arise in an extension of the SM. A new QCD-like confining "hypercolour" (HC) sector would for instance provide an accidental U (1) HB hyperbaryon symmetry under which hyperquarks are charged. The bound states formed by these hyperquarks are then rendered stable by carrying a non-zero U (1) HB charge and are thus potential DM candidates. Several models with a composite DM made stable by a similar symmetry mechanism have been proposed (see [START_REF] Kribs | Review of strongly-coupled composite dark matter models and lattice simulations[END_REF] for a review). We follow here the discussion presented in Ref. [START_REF] Carvunis | Composite Dark Matter and a horizontal symmetry[END_REF].

Apart from the hyperbaryons, the hyperquarks will also form hypermesons that are a priori unstable due to their zero charge under U (1) HB . Without an explicit breaking of the hyperquarks' chiral symmetry, the lightest hypermesons are furthermore massless Nambu-Goldstone bosons (NGBs), which yields to phenomenologically unacceptable massless scalars. This breaking can be engineered in two different ways 1. The breaking can be explicit, which would generate a potential for the NGBs, turning them into massive pseudo NGBs (pNGBs).

2. The breaking can be obtained by the gauging of an appropriate subgroup of the chiral symmetry. In this case, the corresponding gauge bosons become massive due to the Higgs mechanism and the would-be NGBs become the gauge bosons' longitudinal degrees of freedom.

These possibilities are both realized in the SM, as exemplified by two-flavour QCD. In the absence of explicit mass terms, the left-and right-handed u and d quarks transform as doublets, (u L , d L ) T and (u R , d R ) T , under the global symmetry groups SU (2) L and SU (2) R , respectively. The global chiral symmetry group is therefore

G χ = SU (2) L × SU (2) R .
This symmetry is spontaneously broken to H V = SU (2) V by the quark condensate ūL u R + dL d R + H.c. = 0 at the scale f π 93 MeV. The consequence are Goldstone bosons spanning the coset space G χ /H V , the known pions. As well known, the SU (2) L group is actually gauged, and this gauge symmetry is spontaneously broken also by the Higgs vev v = 246 GeV. Because of the hierarchy f π v, the pions contribute negligibly to the longitudinal degrees of freedom of the SU (2) L gauge bosons.

The second breaking possibility is particularly interesting in the context of a DM model since the gauging of a subgroup of the chiral symmetry implies that the corresponding gauge bosons, which we denote by H, couple to the hyperbaryon DM candidates. If these H gauge bosons also couple to some of the SM particles, they then not only solve the problem of massless NGBs, but they could also serve as mediators to a dark sector naturally endowed with a stability mechanism.

This model becomes particularly promising when we consider the involved mass scales. By studying the SM, where m p ≈ 10 f π , we infer that m χ ≈ 10 v HC with v HC the decay constant associated to the dynamical breaking of the chiral symmetry by a hyperquark condensate. Unitarity arguments suggest that the mass of a thermal relic DM candidate cannot exceed 340 TeV [START_REF] Griest | Unitarity Limits on the Mass and Radius of Dark Matter Particles[END_REF], yielding a upper bound on the hypercolour scale v HC 34 TeV. This limit means that the H bosons are in a range accessible by flavour experiments.

From the previous argument, it is tempting to identify the gauged subgroup of the new chiral symmetry with the SU (2) h horizontal symmetry introduced in section 2.2. Such a construction shows several assets [START_REF] Carvunis | Composite Dark Matter and a horizontal symmetry[END_REF] • A mass term for the SU (2) h gauge bosons is generated by the chiral symmetry breaking in the HC sector and the corresponding NGBs become the longitudinal polarizations of these gauge bosons.
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• The SU (2) h gauge bosons bring lepton universality violation in b → s data.

• The SU (2) h gauge bosons connect the baryon-like DM candidates in the HC sector to the SM fields, thereby playing the role of the DM mediator.

The DM constraints can then be obtained by pursuing the analogy to SM. Direct detection processes via tree-level exchange of SU (2) h bosons. The Lagrangian that describes such interactions is analogous to the one describing pion-nucleon interactions and can be computed from chiral perturbation theory [START_REF] Georgi | Weak Interactions and Modern Particle Theory[END_REF][START_REF] Gasser | Nucleons with Chiral Loops[END_REF].

On the other hand, the dominant processes contributing to χ χ annihilation take place in the strongly coupled regime such that it is not straightforward to calculate the cross section from first principles. As it is the case in nucleon-antinucleon annihilation, the main contribution to the cross-section is due to a rearrangement of quark and anti-quark into mesons (for reviews, see e.g. [START_REF] Green | Low-energy Anti-proton Physics in the Early LEAR Era[END_REF][START_REF] Dover | The Physics of nucleon -anti-nucleon annihilation[END_REF][START_REF] Amsler | Nucleon-antinucleon annihilation at LEAR[END_REF][START_REF] Richard | Antiproton physics[END_REF]). An approximation of the χ χ annihilation cross-section can however be obtained by scaling up the experimental measurements of nucleon-antinucleon annihilation cross-section at low momentum. Several groups provide fits to experimental data on the annihilation cross-section σ ann using the parametrisation

σ ann = 1 m 2 p A + B m p p lab + C m 2 p p 2 lab , (3.57) 
where p lab is the momentum of the antinucleon in the rest frame of the nucleon and m p is the proton mass. Fit results are shown in table 3 

Results

Our model basically have only one parameter v HC . Our findings are as follows

• The prediction of the DM relic density can be obtained under the approximation σ eff = σ ann | mp→mχ , whose validity is discussed in Ref [START_REF] Carvunis | Composite Dark Matter and a horizontal symmetry[END_REF] and using the analytic results of the previous section. The result is shown in Fig. 3.14 (left panel) for the different fit of Table 3.4. Remarkably the scale we find for all scenarios falls in the range hinted at by the b → s anomalies obtained in section 2.2, which corresponds to a DM candidate mass m χ ∼ 200 TeV.

• For such a high mass, the direct-detection cross-section are found to be safely below the experimental bounds.

• The cross-sections relevant for indirect detection signals are bounded by the total annihilation cross-section and can therefore also be estimated from nucleon-antinucleon annihilation data. Extending the fits of Table 3.4 to the region of momentum relevant for today's DM annihilation, namely p lab ∼ 10 -3 m χ (see e.g. [START_REF] Cirelli | PPPC 4 DM ID: A Poor Particle Physicist Cookbook for Dark Matter Indirect Detection[END_REF]), we obtained the predictions shown in Fig. 3.14 (right panel). The predicted cross-sections are safely below indirect bound, with the exception of fit 6. However, none of the fits takes into account data for p lab ∼ 1 MeV, which corresponds to relative nucleon velocities as low as 10 -3 . This result underlines the importance of obtaining nucleon-antinucleon data at low momentum, even though this might be very challenging. 3.4. The thick horizontal gray line represents the measured value Ω 0 h 2 = 0.12. Right panel: estimate (see text for details) of the velocity-averaged DM-DM annihilation cross section into anything else, σ ann v , as a function of the DM mass, for the same fits as the left panel.
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To conclude, we studied the phenomenology of the hyperbaryon DM, in particular its relic density, expected to be produced by a mechanism of thermal freeze-out, and its direct-detection signals. Dark Matter predictions are fixed by the single scale of our model, which is found to be in agreement with the results of sec. 2.2. This section concludes our theoretical part. The main results and implications of these chapters will be summarized in chapter 9.3. It is however already clear that new experimental results will be crucial to interpret the current anomalies within a broader coherent theory. The focus is therefore now on the search for B 0 s → µ + µ -γ events within LHCb.

The LHCb detector and the B 0 s → µ + µ -γ analysis The description of the LHCb detector and its performances can be found in several reviews (see e.g. [START_REF] Alves | The LHCb detector at the LHC[END_REF]347]). For brevity, this chapter only details the properties of the detector relevant for the analysis of B 0 s → µ + µ -γ decays. The chapter is organized as follows: LHCb is presented in section 4.1; section 4.2 describes how the trigger and the stripping operates and how events are simulated; section 4.3 gives an overlook of the B 0 s → µ + µ -γ analysis and the data and simulated samples we used.

CHAPTER 4. THE LHCB DETECTOR AND THE B 0

S → µ + µ -γ ANALYSIS

LHCb, muons and photons

The LHCb detector was designed to look for indirect evidence of new physics in the decays of beauty and charm hadrons. b b pairs being produced close to the beam, the detector was conceived as a single-arm spectrometer with an angular coverage of approximately 10 mrad to 300 [START_REF] Blas | HEPfit: a code for the combination of indirect and direct constraints on high energy physics models[END_REF] mrad in the bending (non-bending) plane. The layout of the detector is sketched in Fig. 4.1. This section is devoted to the description of the parts of the detector relevant for the measurement of muons and photons. 

Charged tracks and muons in LHCb

LHCb tracking system is composed of several trackers (the Vertex Locator and the four stations TT, T1-T3) that aim at reconstructing charged-particle tracks. The different trajectories and hits measured in the detector define categories of tracks (as pictured in Fig. 4.2). The identification of tracks (PID) as kaons, pions or protons is mainly performed thanks to the ring imaging Cherenkov (RICH) counters.

The muon detection system is crucial in this analysis both for the triggering of events and for the off-line particle identification. The muon detector is composed of five stations (M1-M5) interleaved with iron walls. Muons are the only detected particles that can penetrate these filtering walls, ensuring a good identification of the tracks. These tracks are reconstructed from the linear interpolation of hits in the different sub-detectors. This interpolation defines fields of interests (FoI) and the presence of hits in all the FoIs gives a first criteria for the identification of muons. This criteria, known as IsMuon [START_REF] Lanfranchi | The Muon Identification Procedure of the LHCb Experiment for the First Data[END_REF] (see also [START_REF] Archilli | Performance of the Muon Identification at LHCb[END_REF]350] for performance studies) is described in Table 4.1. The quality of the tracks fit is also used for fur-
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Muon energy

Required Station ther selection (track χ 2 ). The sub-detectors response to a muon track is measured with calibration samples. A global likelihood is then constructed from those of the sub-detectors (possibly hinging on Neural Network techniques) and allows a further identification of the track (∆ log L and ProbNN variables). Another neuralnetwork based algorithm is trained to identify fake tracks and assigns each track a so-called ghost probability [START_REF] De Cian | Fast neural-net based fake track rejection in the LHCb reconstruction[END_REF].

E µ < 3 GeV Always false 3 GeV ≤ E µ < 6 GeV M2 & M3 6 GeV ≤ E µ < 10 GeV M2 & M3 & (M4 || M5) 10 GeV ≤ E µ M2 & M3 & M4 & M5
The number of tracks in the events (occupancy) has a large impact on the reconstruction and identification performances. To ensure maximal performances, CHAPTER 4. THE LHCB DETECTOR AND THE B 0 S → µ + µ -γ ANALYSIS LHC beams are shifted to keep a constant and contained number of collision perevent (pile-up). Indeed, unlike the other LHC experiments that have a 4π coverage of the interaction point, LHCb has to reconstruct the pp interactions only based on forward tracks1 . A large pile-up would therefore decrease the resolution at the interaction point and turn the rest of the pp collisions into irreducible backgrounds.

Vertices are fitted from the reconstructed tracks. The interaction point of the pp collision defines the primary vertex (PV), while all other vertices are referred to as secondary vertices (SV). The fact that a track origins from any vertex is hinted by its impact parameter (IP), defined as the minimal distance between the tracks best fit and the vertex. The common origin of two tracks can also be tested with their distance of closest approach (doca) defined likewise as the closest distance between the two tracks best fits.

The photons in LHCb

As already emphasized in Part I, photons are much more difficult to deal with at LHCb than muons or hadrons. As neutral particles, they are not bent by the magnet, and their penetrating power is much weaker than the muon's [START_REF] Zyla | Review of Particle Physics[END_REF].

The calorimeter system comprises a scintillation pad detector (SPD), a preshower (PS) an electromagnetic calorimeter (ECAL) and a hadronic calorimeter (HCAL). These components are composed of cells and divided into regions of decreasing cell size, as sketched in Fig. 4.3. Neutral particles are reconstructed from clusters that are not associated to reconstructed tracks. The clusterisation is performed using a cellular automaton by growing the clusters iteratively around local maxima [START_REF] Deschamps | Photon and neutral pion reconstruction[END_REF] (see also [START_REF] Beteta | Calibration and performance of the LHCb calorimeters in Run 1 and 2 at the LHC[END_REF] for a performance study).

Photons are reconstructed from 3 × 3 cells clusters in the ECAL. The energy associated to the photon is a linear combination of the energy measured in the cluster and that measured in the corresponding hit in the PS. The associated coefficients are extracted from on-line and off-line calibration samples.

Neutral pions can be reconstructed from two separated photon clusters (resolved π 0 ) or from a single cluster (merged π 0 ). Clusters can therefore be caused by photons, electrons, merged π 0 or non-electromagnetic deposits associated to hadrons. Multivariate analyses are trained to separate photons from hadrons, electrons or merged π 0 based on the shape of the electromagnetic shower associated to the cluster. The corresponding variables are referred to as IsNotH (also known as CL2 ), IsNotE and IsPhoton [START_REF] Beteta | Calibration and performance of the LHCb calorimeters in Run 1 and 2 at the LHC[END_REF][START_REF] Gomez | A tool for γ/π 0 separation at high energies[END_REF]. 

DATA AND SIMULATION PATHS

Data and simulation paths

The following paragraphs give a brief description of the trigger, stripping and simulation processes.

The event trigger

Given the huge crossing rate (40 MHz) taking place at the interaction point, a stringent selection has to be performed to reduce the amount of events to an operating frequency. The trigger is decomposed in several levels, as sketched in Fig. 4.4. The L0 level is a hardware trigger for which the event is only partially reconstructed. It brings down to rate to 1 MHz. The second and third level are software triggers, known as high-level triggers (Hlt), which allow for more sophisticated selections. The event storage rate is around 12.5 kHz.

Each level is composed of trigger lines that can be specified in the analyses. The status of the Trigger (the available lines and their definition) is stored in a Trigger Configuration Key (TCK), that can be specified for the simulation of data. An event can be stored for several reasons:

• If the signal of interest is enough to trigger, the event is referred to as Triggered On Signal (TOS); .

• If a combination of the signal and the rest of the event is needed to trigger, the event is Triggered On Both (TOB).

Note that an event can be both TIS and TOS if the signal and the rest of the event are enough to trigger (TISTOS). All other combinations are impossible by construction.

Stripping

Triggered events are classified in streams during a first and flexible selection step called stripping. The main goal of the stripping is to centralize and optimize the search for signal decay trees in the large amount of triggered events. As it is the case for the trigger, the stripping is decomposed in lines specific to several analyses. The lines contain the reconstruction procedure and a minimal set of cut to efficiency select the signal of interest.

Simulated data

Most of the analysis looking for very rare events rely on signal simulation for the computation of selection efficiencies. Indeed, methods to measure these efficiencies directly on data exist, but they are usually based on signal events. The use of proxy
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S → µ + µ -γ ANALYSIS channels or efficiency maps allow to bypass this issue, but they still require a sketch of the signal kinematics. The simulation of events is based on a Monte-Carlo (MC) method and divided into several steps. pp collisions are simulated using Pythia and a specific LHCb configuration [START_REF] Sjöstrand | PYTHIA 6.4 physics and manual[END_REF][START_REF] Sjöstrand | A brief introduction to PYTHIA 8.1[END_REF][START_REF] Belyaev | Handling of the generation of primary events in Gauss, the LHCb simulation framework[END_REF]. The decay of hadronic particles is performed with EvtGen [START_REF] Lange | The EvtGen particle decay simulation package[END_REF]. We already mentioned the Photos algorithm that simulates final-state radiation [START_REF] Golonka | PHOTOS Monte Carlo: A Precision tool for QED corrections in Z and W decays[END_REF]. The interaction with LHCb material is implemented in Geant4 [START_REF] Agostinelli | Geant4: A simulation toolkit[END_REF][START_REF] Allison | Geant4 developments and applications[END_REF][START_REF] Clemencic | The LHCb simulation application, Gauss: Design, evolution and experience[END_REF]. The main simulation steps are stored in a file specific for each decay, called DecFile, which is used during the MC production.

Once events are simulated, they are digitalized, and the very same reconstruction, trigger and stripping algorithms as applied to data are applied. This similarity ensures a minimal bias between data and MC samples. Measuring and accounting for the resulting discrepancies between the two samples is one of the main challenges of the analyses.

The B 0

s → µ + µ -γ analysis

As described in Part I, two complementary methods can be used to measure B 0 s → µ + µ -γ branching ratio. The indirect method, detailed in section 1.3 consists in probing this decay as a background of B 0 s → µ + µ -, namely without reconstructing the photon. Although very promising, this method only probes the high-q 2 region and may miss new physics contributions. The second method is the classical (direct) analysis, with full final state reconstruction, and is presented here.

LHCb's sensitivity to this measurement was first studied in [START_REF] Bonivento | LHCb sensitivity to the B 0 s → µ ± µ ∓ γ decay[END_REF]. From preliminary studies on simulated signal and background samples, it was shown that, assuming no signal is found, the 90% C.L. upper limit can be set to 6.02 +2. 37 -1.39 ×10 -9 with 2/fb.

Analysis overlook

The search for B 0 s → µ + µ -γ decays is performed using data samples of protonproton collisions corresponding to an integrated luminosity of 5.57/fb collected by the LHCb experiment from 2016 to 2018 at a centre-of-mass energy of 13 TeV. Table 4.2 lists the integrated luminosities collected each year and the versions of the reconstruction software used. 2015 dataset is not used for several reasons, mainly related to different trigger conditions. Run I is not used either, because the dedicated stripping line was not yet available. Without this stripping line, whose introduction in the software was the first step of the present analysis, the stripping efficiency is too small to yield an interesting sensitivity.

This analysis is a blinded analysis with full final state reconstruction. The number of events is normalized using controlled via B 0 s → (φ → KK)γ. The analysis is performed in 3 dimuon mass bins:

B 0 s → (J/ψ → µµ)(η →
Bin I The low-q 2 region, m(µµ) < 1700 MeV;

Bin II The middle-q 2 region, 1700 MeV< m(µµ) < 2880 MeV; Bin III The high-q 2 region, m(µµ) > 3920 MeV.

The value of 1700 MeV is chosen to be above the φ and φ resonances, see Figure 1.3. Using the theoretical differential branching ratio derived in section 1.1.3 allows to compute the fraction of signal in each bin ; results are given in Table 4 Branching fraction and fraction of events in the different q 2 bins. These numbers are obtained using the spectrum discussed in section 1.1.3.

A LHCb event usually contains a lot of low energy photons that mainly come from π 0 decays of the underlying events. As the calorimeter only measures an energy deposit, the photon direction is only known approximatively 3 . Picking the right photon from all these candidates is therefore the most difficult part of this analysis. Some analyses avoid this problem by using converted photons, i.e. photons that decay into an electron-positron pair in the detector material before the magnet. By measuring the electron momentum, we can infer information on the photon and improve the selection based on the B 0 s vertex. However the
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probability of conversion is small (around 20% of the photons get converted before the magnet [START_REF] Beaucourt | Study of B 0 → K * 0 γ, B 0 s → φγ and B 0 s → K * 0 γ decays using converted photons with the LHCb detector[END_REF]) and the bremsstrahlung emissions of the electrons have to be properly handled. We therefore decided to keep only calorimetric photons.

The selection strategy is similar to the one applied for the measurement of B(B 0 s → µ + µ -) [START_REF] Archilli | Search for the B 0 → µ + µdecay and measurement of the B 0 s → µ + µbranching fraction and effective lifetime[END_REF]. The event are triggered on signal (TOS) with the muons or the photon and independently of signal (TIS). A stripping line has been written for this decay and selects events with a high efficiency. The background is then removed in two steps:

• A first MVA, mainly based on geometrical variables, efficiently removes a lot of combinatorial background.

• A second MVA, based on isolation and geometrical variables, allows for a further reduction of the background.

Monte-Carlo simulations

A large number of simulated samples is used in the analysis. Table 4.4 gives the characteristics of all the MC that were used. Concerning B 0 s → J/ψ η no simulation was performed for the years 2017 and 2018. Indeed no changes were expected in the decay geometry with respect to 2016, as confirmed by the signal and control samples, and trigger and PID efficiencies are extracted from data.

B 0 s → µ + µ -γ events are simulated using the differential branching ratio computed in section 1.1.3 as theory input, as detailed in [START_REF] Nikitin | The EvtGen based Monte-Carlo generator model for the rare radiative leptonic B-mesons decays[END_REF]. In particular, the B → γ form factors are implemented as in eq. (1.15) with the numerical inputs gathered in Table 1.1. The φ resonance is implemented as in n = 1 version of eq. (1.32) while the φ resonance, considered as negligible, is not implemented.

The following chapters are organized as follows, section 5 describes the selection (trigger, stripping and particle identification); section 6 contains the global multivariate analysis used to classify the events; section 7 summarizes the backgrounds and their treatments; section 8 presents the normalization and control channels as well as the expected sensitivity of the analysis. The reconstruction of B 0 s → µ + µ -γ events is challenging at LHCb. The energy of the B 0 s is shared between the photon and the muon pair implying that events will either have a low-energy photon, that needs to be selected from the large electromagnetic background, or a low energy dimuon pair, which is disfavoured by the muon trigger. This chapter describes the successive selections applied on signal, normalization and control samples. The selection is performed in 3 steps: a specific stripping line, a general and mainly geometrical multivariate analysis and a second, efficient, multivariate analysis selection. The global selection efficiency is written as the product of partial efficiencies:
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ε Tot = ε Acc × ε Strip & Reco × ε Sel × ε Trig & PID × ε MLP , (5.1)
where each term is estimated either on simulation or using data:

ε Acc is the acceptance efficiency and is measured during the MC simulations production. See section 5.1.

ε Strip & Reco is the efficiency of event reconstruction and stripping. It is measured on MC simulations corrected for their mis-simulated variables. See section 5.3.

ε Sel is the selection efficiency. The selection is based on a multivariate analysis and the efficiency is measured on simulated events. See section 5.5.

ε Trig & PID is the trigger and particle identification efficiency. Although it appears chronologically before the previous steps, it is measured for selected events only. It is estimated on data using efficiency tables. See sections 5.2 and 5.4 for the description of these steps and 8.4 for the computation of the trigger efficiency.

ε MLP is the efficiency of the final multivariate analysis classifier. This selection and its efficiency are presented in section 6.3.

Geometrical acceptance

The acceptance efficiency is defined as the ratio of decays with children particles in the [START_REF] Higgs | Broken symmetries, massless particles and gauge fields[END_REF]400] mrad range to the total number of decays. This range is larger than the fiducial acceptance, in order to recover particles bent by the magnet. The loss of efficiency due to particles in acceptance bent out by the magnet is taken into account in the reconstruction efficiency. Acceptance efficiency is measured on simulated samples during MC production by simply counting the number of generated events in acceptance. The efficiencies for the channels of interest are summarized in Table 5.1. The efficiency is also computed for B 0 s → µ + µ -γ events in each q 2 bin (defined in section 4.3.1) and given in Table 5.2. As this information cannot be extracted from the simulated events based on the DecFile 13311203 (no q 2 bins), we generated small samples of events (10000 events per year) by adding the q 2 cuts in the DecFiles.

Systematic errors can arise from discrepancies between data and simulation. We consider however that, as the acceptance is a purely geometrical property, these discrepancies will cancel in the ratio between signal and normalization.

Trigger requirements

The trigger strategy is based on the fact that the energy in B 0 s → µ + µ -γ events is shared between the muon pair and the photon. Events with a soft photon will mainly be triggered by the muon trigger, while events with a soft muon pair will rather rely on L0Photon as depicted in Fig. 5.1. To maximize the statistics, we also trigger independently of signal (TIS). s → µ + µ -γ acceptance cuts per q 2 bins, measured on local MC production. The quoted error is purely statistical and corresponds to the generated number of events (10000 for each year). Averaging these results using the fraction of event per bin, one recover the signal efficiency quoted in Table 5.1.

TRIGGER REQUIREMENTS

Decay

L0 Trigger On Signal (TOS)

We use 1 : L0 ≡ L0Muon||L0Photon .

(5.

2)

The L0Photon line exclusively triggers 10% of the simulated events before selection. Due to their energetic photon, these events are preferred by the multivariate analysis in the rest of the selection, and the 10% reflects a larger part of the selected events (∼ 17% after the selection cuts). L0DiMuon is not used because its cuts are partially superseded by further cuts in the stripping line. These extra events have quite high detector occupancy (450 < nSPDHits < 900) and therefore mainly add backgrounds. L0Electron is not used either as it showed no improvement (no event is selected exclusively by this line in the stripped and selected sample) and again decreases the purity of the sample. Adding it would improve the efficiency of the trigger by 3% before the selection cuts, but these events are not selected by the further cuts and the efficiency on selected events is sub-percent.

1

The trigger lines requirements are given in Appendix B.1. 

E γ /(E µ + + E µ -)
Figure 5.1: Normalized distributions of the ratio between the photon and the muons energy for signal events passing L0Photon or L0Muon. The selection of events is shared between the trigger lines depending on the energy of the photon and the muon pair. (A.u. stands for arbitrary units and will be used throughout this part.)

Hlt1 Trigger On Signal (TOS)

To choose the high level trigger lines, we applied the following algorithm on simulated events:

1. Choose the Hlt physical line that selects the largest number of events.

2. While the selection efficiency of the remaining lines is larger than 1%, remove the events selected by this line and restart from 1.

When the efficiency of the remaining lines is too small (sub-percent), we considered the set of lines as optimal. At Hlt1 level, events are efficiently triggered by multivariate analysis-based lines and muonic lines. Following the previous algorithm, we used the following selection criteria: Hlt1 ≡ Hlt1TrackMVA||Hlt1TwoTrackMVA||Hlt1TrackMuon||Hlt1DiMuonLowMass .

(5.3)

Hlt2 Trigger On Signal (TOS)

No specific Hlt2 line exists for B 0 s → µ + µ -γ decays. The same algorithm than for Hlt1 is applied and the Hlt2 decision is fixed to Hlt2 ≡ Hlt2SingleMuon||Hlt2SingleMuonLowPT||Hlt2TopoMuMu2Body . (5.4)

TRIGGER REQUIREMENTS

The trigger efficiency is computed on events passing the complete selection and discussed in section 8.4. Radiative Hlt lines are poorly efficient in this analysis due to their large cut on the photon transverse energy and are not used. One could thus expect a limited improvement from the L0Photon line. Events selected exclusively by this line (i.e. failing L0Muon) are however recovered by the more refined selection of the Hlt muon lines.

For the reader convenience, the most efficient lines are summarized in Table 5.3 for signal events and in Table 5.5 for B 0 s → J/ψ η events. In these tables, only lines that show a non-negligible efficiency on the sample after the full selection are shown. This explains why the efficiency of the logical OR of the chosen lines differs from the efficiency obtained when keeping all lines (referred to as L0Global, Hlt1Phys and Hlt2Phys 

→ µ + µ -γ events.
The efficiencies correspond to the number of events triggered on signal (TOS) compared to the number of stripped events for L0 lines, to the number of events selected at the L0 level for Hlt1 lines and to the number of events selected at the Hlt1 level for Hlt2 lines. These efficiencies are given for presentation purpose, the trigger efficiency is precisely measured in section 8.4, where the large differences in L0 efficiencies are explained by changes of the transverse momentum thresholds.

Trigger Independent of Signal (TIS)

To maximise the signal sample, events triggered by the rest of the event are also considered. The efficiency of this trigger is only slightly correlated with the signal kinematics due to the common origin of the b b pair in the collision, which improves the efficiency in kinematic regions not reachable by the TOS trigger. The TIS requirement is chosen to be fully generic TIS ≡ L0Global_TIS && Hlt1Phys_TIS && Hlt2Phys_TIS , (5.5) and its efficiency is computed in section 8.4.

Reconstruction and Stripping

Signal

B 0 s → µ + µ -γ decays required a specific stripping line as none of the previously existing lines selected them with a fair efficiency. The main difficulty is that, as for the trigger, none of the other lines provided a proper coverage of the q 2 range. A stripping line (Bs2MuMuGammaLine) has therefore been written and its requirements are described in Table 5. [START_REF] Zweig | An SU(3) model for strong interaction symmetry and its breaking[END_REF].

The difficulty of the stripping selection lies in the choice of the photon transverse momentum. The simplest way to get rid of the large photon background is to increase the cut on the photon energy. However, as pictured in Fig. 5.2 (left), the number of events decreases rapidly with the cut. For example, a cut at 2000 MeV on the photon transverse momentum reduces the number of signal events by 20%. On the other hand, cutting the photon transverse momentum at 500 MeV increases the retention rate of the stripping line by a factor of almost 5 which exceeds the allocated bandwidth. This is mainly due to the π 0 background. Indeed, as depicted in Fig. 5.2 (right), the reconstruction efficiency of B 0 → µ + µ -π 0 is 60% smaller at 2000 MeV.

The choice of the cut is therefore a compromise between the signal efficiency and the π 0 rejection efficiency that impacts the retention rate. As the photon transverse momentum is a variable of the multivariate analysis, we chose to apply the loosest possible cut, PT γ > 1000 MeV, to maximize the signal efficiency. This value of 1000 MeV is the smallest that keeps the retention rate of the line within the allocated range.

The charmonium resonances are excluded by a dimuon mass veto as they come together with a lot of peaking backgrounds (e.g. B 0 s → J/ψ η). As discussed in Part I, they also present larger theoretical uncertainties. The veto regions is chosen to be [2880 MeV, 3920 MeV]. These numbers and the remaining background from J/ψ decays is discussed in section 7.

For computing reasons, the MC is stripped, which means that only events passing the stripping line are fully reconstructed and stored. As the stripping line 

RECONSTRUCTION AND STRIPPING

B 0 → µ + µ -π 0 Figure 5.2:
Loss of efficiency for a cut on the photon transverse energy for B 0 s → µ + µ -γ simulated events (left) and B 0 → µ + µ -π 0 . (Efficiency is normalized to 1 for the chosen cut P T > 1000 MeV. For example, half of the photons of the signal have a transverse energy between 1000 and 3000 MeV.)

Particle

Cut uses part of the reconstruction, the stripping and reconstruction efficiencies cannot be easily disentangled and are computed together. The ratio of truth-matched MC CHAPTER 5. SIGNAL SELECTION events to the number of simulated events before reconstruction gives the efficiency of Stripping and Reconstruction for events in acceptance: ε Strip & Reco|Acc . These efficiencies are summarized in Table 5.8.

Normalization channel B 0 s → J/ψ η

The normalization strategy is described in section 8. B 0 s → J/ψ η events are reconstructed from a muon and a photon pair. The same L0 and Hlt1 trigger requirements as for the signal are applied. For Hlt2, we use the line dedicated to J/ψ → µµ decays, Hlt2DiMuonDetachedJPsi. The efficiency of these lines are sketched in Table 5. [START_REF] Gell-Mann | A Schematic Model of Baryons and Mesons[END_REF] Table 5.5: Most efficient trigger lines for B 0 s → J/ψ η events. The efficiencies correspond to the number of events triggered on signal (TOS) compared to the number of stripped events for L0 lines, to the number of events selected at the L0 level for Hlt1 lines and to the number of events selected at the Hlt1 level for Hlt2 lines. These efficiencies are given for presentation purpose, the trigger efficiency is precisely measured in section 8.4.

The stripping line FullDSTDiMuonJpsi2MuMuDetachedLine is used to get the J/ψ and the η is taken in the StdLooseEta2gg container2 . The selection requirements are chosen to be as close as possible as for the signal, as depicted in Table 5.6. The efficiencies of the stripping and reconstruction processes are computed on MC simulation and summarized in Table 5.8.

RECONSTRUCTION AND STRIPPING

Particle

Cut Value

p T > 1000 MeV γ's CL > 0.2 p T > 1000 MeV η ∆m < 105 MeV p T > 500 MeV track χ 2 /ndf < 3 doca χ 2 < 30 doca < 0.5 mm µ's track IP χ 2 > 9 ∆m < 100 MeV Vertex χ 2 /ndf < 20 J/ψ DLS > 3 p T > 500 MeV dira > 0.995 ∆m < 1500 MeV PV IP χ 2 < 20 B 0 s End Vertex χ 2 < 15
Table 5.6: Selection requirements for the normalization channel B 0 s → J/ψ η. The cuts are a combination of those of the stripping line FullDSTDiMuonJpsi2MuMuDetachedLine, the container StdLooseEta2gg and the ones applied to signal. DLS stands for decay length significance and corresponds to the ratio between the decay length and its uncertainty.

Control channel B 0 s → φγ

The control channel is used to measure potential discrepancies between data and MC, as described in section 8. B 0 s → φγ events are triggered by L0Photon, Hlt1TrackMVA and Hlt1TwoTrackMVA lines. The exclusive Hlt2 line Hlt2Bs2Phi-Gamma is used. Kaons and photons are then extracted from the Beauty2XGamma-ExclusiveBs2PhiGammaLine stripping line, and the decay is reconstructed as a 3-body decay. This procedure ensures that no bias from reconstruction modifies the geometrical variables distributions. The selection cuts are again chosen to approach the one used for signal. The stripping and selection requirements are described in Table 5.7.

The efficiencies of the stripping and reconstruction processes are computed on MC simulation and summarized in Tables 5.8 and 5.9. 

Particle

Particle identification

Muon identification

A correct identification of the two muons is required to avoid the peaking backgrounds B 0 s → φγ and B 0 → K * 0 γ and to suppress the combinatorial background coming from hadrons. The identification procedure is similar to the one applied in the B 0 s → µ + µ -analysis, namely a two steps procedure: the muons need to fulfil the IsMuon requirement Table 4.1 and then a further PID selection is applied. The different PID variables (∆ log L, ProbNN) are known to give similar results, so we have chosen to use the ProbNN variables, in line with the B 0 s → µ + µ -analysis. These variables are the output of a multivariate classifier that combines PID information (from RICH, calorimeter and trackers) into a probability for each particle hypothesis. The latest version of these variables, known as MC15TuneV1, is used. Following the study performed for B 0 s → µ + µ - [START_REF] Archilli | Search for the B 0 → µ + µdecay and measurement of the B 0 s → µ + µbranching fraction and effective lifetime[END_REF], a global PID variable is com- Stripping and reconstruction efficiency computed as the ratio of truth-matched events to simulated events in acceptance. The first error is a statistical error (Poisson), the second is a systematic error due to the truth matching algorithm, as described in section 9.1.1. The lower efficiency in B 0 s → φγ and B 0 s → J/ψ η is due to the fact that the cuts are chosen to be as similar as possible to the cuts used for the signal and the fact that B 0 s → J/ψ η is a 2 × 2 body decay. The selection is therefore not optimized for these channels.

PARTICLE IDENTIFICATION

Decay

Decay

Year 5.9: B 0 s → µ + µ -γ stripping and reconstruction efficiency for each q 2 bin. The first error is a statistical error (Poisson), the second is a systematic error due to the truth matching algorithm, as described in section 4. 3.2. puted by multiplying the ProbNN variables

ε Strip & Reco|Acc Bin I [%] ε Strip & Reco|Acc Bin II [%] ε Strip & Reco|Acc Bin III [%] B 0 s → µ + µ -γ
PID µ ≡ ProbNN µ × (1 -ProbNN p ) × (1 -ProbNN K ) .
(5.6)

The (1 -ProbNN K ) is introduced to reduce the B 0 s → φγ and B 0 → K * 0 γ, while (1 -ProbNN p ) mainly impacts Λ b decays (see section 7.3.2). The cut on PID µ is chosen to keep B 0 s → φγ and B 0 → K * 0 γ contributions at least one order of magnitude smaller than the signals. This requires a cut PID µ > 0.4, weaker than the cut used in B 0 s → µ + µ -analysis (where 0.8 is used for Run II). This is explained by the fact that hadronic backgrounds are relatively larger for

B 0 s → µ + µ -. Indeed [40] B(B 0 s → KK) B(B 0 s → µ + µ -) ≈ 9000 , while B(B 0 s → φγ) × B(φ → KK) B(B 0 s → µ + µ -γ) ≈ 1800 . (5.7)
This cut is applied to the signal and the normalization channels. For the control CHAPTER 5. SIGNAL SELECTION channel B 0 s → φγ, the variable PID µ manifestly presents poor interest. The cut ProbNN K > 0.2 was shown to present good performances [START_REF] Calvo | Photon polarization in B 0 s → φγ[END_REF] and is instead used.

The efficiencies of the PID cut on signal and peaking backgrounds are estimated using the PIDCalib package [START_REF] Anderlini | The PIDCalib package[END_REF] (see next paragraph for the signal and section 7.3.2 for backgrounds).

Cut efficiency

The PID cut efficiency is computed on simulation by convoluting, for each event, the single particle efficiencies computed on data samples. As they rely on the RICHs, the ProbNN variables are expected to depend on the momentum and the pseudo-rapidity of the particle. A dependency on the event occupancy is also expected due to the tracking. We therefore estimate the PID efficiency in bins of energy P, pseudo-rapidity η and number of tracks nTracks from the data samples provided in PIDCalib3 . The number of tracks being approximately reproduced by the simulation, the efficiencies are estimated on weighted MC (see section 8.3 for the weighting procedure), and a systematic uncertainty is associated to the weighting procedure. Muon data samples are selected from J/ψ → µµ decays, imposing that the muons are in the detector acceptance. To avoid any bias from muon selections, the events are triggered independently of signal, L0Global_TIS && Hlt1Phys_TIS && Hlt2Phys_TIS , (

and a tag and probe method is used. The choice of the binning is studied using the BinningOptimizer algorithm4 which aims at capturing changes in the PID efficiency. The algorithm populates the space of PID variables by bins with almost constant PID efficiency and enough events to be statistically relevant. For the energy, the binning obtained with the algorithm 5 shows similar performance than the regular binning already used in B 0 s → µ + µ -analysis and we kept the latter for simplicity. We therefore used the following binning: 

Statistical uncertainties

A first statistical uncertainty directly comes from the finite number of events in the simulated signal sample and is considered as normally distributed. A second statistical uncertainty is due to the limited statistics of the calibration samples. To estimate it, a resampling method is used. Random efficiency histograms are generated by drawing random values following the mean and uncertainty specified in each bin of the calibration histograms provided by PIDCalib. The global PID cut efficiency eq. 5.6 is computed per simulated event for each of these random histograms. The variance obtained over the different histograms is due to the calibration sample statistics and can be averaged over the simulated events to get the global statistical uncertainty of the calibration procedure.

The results are presented in table 5.10. 
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Decay

Mis-identification rates

The π, K, p → µ mis-identification rates are also estimated using the PIDCalib package. Pions and kaons are obtained from D 0 → Kπ calibration lines, while protons come from Λ → pπ decays. The same procedure as for the muons is applied and the same binning is used. The mis-identification rates for pions, kaons and protons are sketched in Fig. 5.4, 5.5 and 5.6. In these figures, some unphysical negative efficiencies were obtained due to the sPlot method [START_REF] Pivk | sPlot: A statistical tool to unfold data distributions[END_REF] used for background subtraction. Negative efficiencies are compatible with zero within 1 sigma so we kept them for the background mis-identification estimations. The mis-identification efficiencies are then convoluted in simulated samples to get the expected yields of each background. The results are presented in section 7.

Photon identification

As already discussed, a good photon identification is crucial to reduce the large combinatorial background. This identification is performed in two steps, the separation between photons and charged tracks and between photons and neutrals. Specific variables are then used to treat photons coming from π 0 and η decays.

Separation between photons and charged tracks

The separation between photons and charged hadrons is performed by the photon Confidence Level (gamma_CL). This variable is based on a multivariate analysis trained on MC and calibrated on data samples and aims at separating photon was shown to be optimal for the B 0 s → φγ events selection [START_REF] Calvo | Photon polarization in B 0 s → φγ[END_REF], so we apply this cut at the stripping level for all samples. The efficiency of this cut is accounted for in the stripping efficiency estimation. On the other hand, as this variable is not well reproduced by the simulation, the efficiency is a priori biased. To account for this effect, we measured the cut efficiency directly on data, as we did for charged particles. This procedure is developed in the next paragraph. 

Separation between photons and neutrals

Most of the photons detected in the calorimeter come from π 0 decays (around 88% for B decays [START_REF] Gomez | A tool for γ/π 0 separation at high energies[END_REF]). These decays can be resolved (two separated reconstructed photons), merged (two photons reconstructed as a single cluster due to the detector granularity) or a photon can be lost (e.g. because it is out of LHCb acceptance). The latter category is sub-dominant, less than 1% of such mis-reconstructions were measured on the B 0 → µ + µ -π 0 MC sample. However, 70% of the merged π 0 are also reconstructed as a single photon, which provides a large background for radiative analysis. The separation between photons and merged π 0 is performed by the variable IsPhoton [START_REF] Gomez | A tool for γ/π 0 separation at high energies[END_REF]. This variable is the output of a multivariate classifier that is trained to separate photon and merged π 0 , based on the shape of the elec- tromagnetic cluster in the ECAL, the PS and the SPD. The tool was trained on simulation, using B 0 → K * 0 γ as signal and several B decays as background. It is trained on photons with transverse momentum larger than 2000 MeV, which are the most concerned by this mis-identification. Indeed, π 0 with transverse momentum smaller than 2000 MeV are mostly resolved because the distance between the clusters increases when the transverse energy decreases [START_REF] Deschamps | Photon and neutral pion reconstruction[END_REF].

PARTICLE IDENTIFICATION

Following the study performed for B 0 s → φγ decays [START_REF] Calvo | Photon polarization in B 0 s → φγ[END_REF], we apply the following cut on photons:

IsPhoton ≡ IsPhoton > 0.6 || gamma_PT < 2000 MeV .
(5.10)

The gamma_CL and IsPhoton variables are not perfectly reproduced in simulated samples. Although the weighting of the MC improves the matching with data, this CHAPTER 5. SIGNAL SELECTION consistency could only be checked for events passing the CL and IsPhoton cuts. Hence, the efficiency of the CL and the IsPhoton cuts need to be measured directly on data. As CL is already applied at the stripping level, its efficiency, measured on MC, is already accounted for in the stripping efficiency. The ratio of CL and IsPhoton efficiencies on MC and data is therefore considered as a correction factor.

To compute this correction factor, we apply a method similar to the one applied to charged tracks. We first compute the efficiency of the cuts in several photon momentum P, photon pseudo-rapidity η and nTracks bins. The binning is chosen by taking the quantiles of the simulated signal distribution: The efficiency is extracted from a control sample via the sPlot method . As the photons in B 0 s → φγ don't cover the full transverse momentum spectrum of the signal (due to the cut PT γ > 2500 MeV), we rather used η → µµγ as control sample. As a cross check, we also tested the procedure with B 0 s → φγ samples, which have a lower statistic, and got a compatible efficiency. E.g. for 2017, B 0 s → φγ sample yield an efficiency of (91.6 ± 6.2 stat )%, to be compare with the η → µµγ result, (88.92 ± 0.60 stat )%.

• P (MeV)
2017 and 2018 dataset are selected by dedicated Turcal lines 6 . In 2016, these lines were not available, and we had to reconstruct the events from Turbo lines. The differences between the two approaches are:

• Using the raw-banks, the ECAL can be calibrated offline in Turcal data but not in Turbo data. The width of the η peak is therefore ∼ 2 MeV smaller in 2017 and 2018 data. As ECAL correction are small (at the percent level) we disregard the impact on the PID.

• The PID cut on the muons is weaker in Turcal data (ProbNN µ > 0.80 vs. 0.95 in Turbo). As neutral PID and ECAL variables are a priori not correlated in each P-η-nTracks bins, we consider that the impact of this change is also negligible.

• The use of the nTracks variable is however not safe for Turbo data, where the nTracks variable is computed differently online and offline 7 . For 2016 we therefore used bins of nLongTracks.

PARTICLE IDENTIFICATION

Efficiency tables are also needed for the simulation because the CL requirement being applied at the stripping level and the MC being stripped, signal simulated samples only contain events passing this cut. For the simulation, tables are produced from B 0 s → φγ events. To do so, the samples are re-stripped without the CL requirement. As the difference in transverse momentum coverage did not impact the resulting efficiency in data, we considered that this is the same for MC. To check this assumption, we also generated a table from re-stripped 2016 B 0 s → J/ψ η events. The difference obtained in the efficiency was around 1%, i.e. within the statistical error. Furthermore, as the result is expected to be correlated with nTracks which shows discrepancies even after the MC weighting is applied, a second weighting is computed in 2017 and 2018 where nLongTracks is replaced by nTracks (see section 8.3).

The binned efficiency is finally convoluted using the corrected signal kinematics for signal and normalization channels. The statistical uncertainty due to the finite number of events in the calibration and simulation samples are estimated as for charged tracks, i.e. by a re-sampling of the calibration tables.

Results

The efficiencies of the overall CL×IsPhoton cut are presented in Tables 5.11 and 5.12. 5.9) and IsPhoton eq. (5.10) as computed from single particle efficiencies estimated on η → µµγ data (Calib) and B 0 s → φγ MC (MC) and convoluted using signal kinematics. The quoted error is only statistical and comes from the limited signal and calibration samples. The systematic uncertainties coming from the binning, the subtraction method and the weighting procedure are computed on the ratio between signal and normalization and added in Table 9.4, 9.5 and 9.6. For the normalization channel, the kinematics is extracted from 2016 MC for each year.

Decay

For completeness, here is the efficiency of the CL cut only efficiency measured
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Year Bin 5.12: Binned efficiency of the neutral PID requirements CL eq. (5.9) and IsPhoton eq. (5.10) as computed from single particle efficiencies estimated on η → µµγ data (Calib) and convoluted using signal kinematics and on local B 0 s → µ + µ -γ MC (MC). The quoted error is only statistical and comes from the limited signal and calibration samples. The systematic uncertainties coming from the binning, the subtraction method and the weighting procedure are computed on the ratio between signal and normalization. on 2017 signal samples: (5.12)

ε NeutralPID|Strip [%] Ratio Calib MC B 0 s → µ + µ -γ
ε CL> 0.

Light mesons veto

Resolved π 0 also need to be tackled as they represent the main source of background. The usual method to limit their number is to reconstruct photon pairs in the event and veto the π 0 mass region. This method is poorly efficient due to the large uncertainty on the photon energy and direction. In this analysis we improved this veto by implementing new variables.

The main issue with the π 0 veto is the definition of the mass window for the photon pair. Increasing the mass window improves the π 0 rejection but decreases the signal efficiency due to false positive decisions. The default choice is |m γγm PDG π 0 | < 60 MeV and the algorithm is just checking whether the candidate's photon is present in the children particles of the objects of the StdLoosePi02gg container. To improve the method, we trade this Boolean variable for two variables: gamma_npi0: the number of π 0 in StdLoosePi02gg sharing a photon with the candidate,

THE SELECTION MVA DISCRIMINANT

gamma_dmpi0: the smallest mass difference between the π 0 candidates and the π 0 PDG mass. If no π 0 can be reconstructed, gamma_npi0 = 0 and gamma-dmpi0 is set to 60 MeV (the size of the mass window in the StdLoosePi02gg container).

The same procedure can also be applied for η decays, and gives two similar variables (gamma_neta and gamma_dmeta). The corresponding container is StdLoose-Eta2gg, whose mass window is set to |m γγ -m PDG η | < 105 MeV. These variables are of course highly correlated with the photon's transverse momentum so we added them in the multivariate analysis instead of performing fixed cuts. They are also correlated to the calorimeter occupancy, which means that they may suffer from discrepancies between data and simulation. These discrepancies are studied in Section 8.3 and found to be small.

Note that the choice of setting gamma_dmpi0 and gamma_dmeta at the mass limit (60 and 105 MeV respectively) in the absence of π 0 and η yields peaks in the distribution of these variables (these peaks can be seen in the last bins in Fig. 5.7). This feature however does not impact the efficiency of the multivariate analysis that uses this variable. Indeed, these peaks are present if, and only if, gamma_npi0 and gamma_neta are zero and this correlation can be easily understood by a multivariate analysis. We suggest therefore not to use these variables separately.

To test the efficiency of this improved veto, we trained a multivariate analysis based on these 4 variables on signal MC and data side-bands (to be precisely defined in the next section). The ROC curves8 of this MVA can be compared to the classical veto as shown on Fig. 5.7. At fixed signal efficiency, the gain in background rejection is as high as 13%. This number should however be taken with care as the new variables show larger correlation with the transverse momentum of the signal's photon. The precise gain in efficiency therefore depends on the kinematic of the studied signal.

The selection MVA discriminant

To further reduce the background, a first multivariate classifier (MLPS, where S stands for Selection) is trained. A loose cut is applied on the output of this classifier to keep a good selection efficiency for signal events. The choice of this complex tool instead of a simple set of cuts is driven by the complexity of the 3-body geometry of the decay and the presence of the soft photon. and data side-bands (left) and ROC curves of multivariate analysis trained between this two samples (right). Boosted (BDT) and gradient-boosted (BDTG) decision trees behave equally well. The blue dot on the ROC plot corresponds to the classical π 0 veto width for a mass window of 60 MeV. The plateau is due to events with no reconstructed π 0 nor η (here, 38% of events have n_pi0 = n_eta = 0, so the plateau extends from 0 to 0.38. These 38% are also visible on the last bins of the bottom plots on the left panel). These events cannot be tackled with these variables.

Definition

The MLPS mainly aims at reducing the combinatorial background and is based on geometrical variables and on the photon variables defined in section 5.4. The MLPS is trained on signal MC and data side-bands using TMVA [START_REF] Hoecker | TMVA 4 -Toolkit for Multivariate Data Analysis[END_REF]. The side-bands are defined as the region below ([3867 MeV, 5167 MeV]) and above ([5567 MeV, 6867 MeV]) the B 0 s mass 9 . The choice of the discriminating variables has been made with the following algorithm:

1. Select all variables that show a sizeable difference between signal and background (the difference can be measured via a Kolmogorov-Smirnov test).

2. Train a multivariate analysis with these N variables 3. Remove one of these variables and train a multivariate analysis with N -1 remaining ones 4. Keep the N -1 variables that give the best ROC integral, and repeat from step 3 until the ROC integral is maximal.

The ROC is increasing in step 4 because of the overtraining due to the limited MC sample. This algorithm therefore aims at balancing overtraining vs. performances. 
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For example, using the photon transverse momentum, the photon energy and the photon pseudo-rapidity lead to redundancy that decreases the multivariate analysis efficiency. Sometimes, the improvement is not significant enough to remove a specific variable and the one that shows the best MC-data agreement is kept. This was e.g. the case for the B transverse momentum that showed no significant improvement with respect to the photon transverse momentum. Using the plot in Appendix B.5 (Fig. B.8 and B.9), we kept the photon transverse momentum. We note finally that combining variables that show small individual separation power may also lead to interesting new variables. Although the above procedure should in principle find these combinations, the set of variables obtained is certainly not optimal. Yet, we consider that given the discrepancies that exist between data and MC, a more refined study will not bring a sizeable improvement of the multivariate analysis efficiency.

Applying this procedure yields a set of 12 input variables:

• The B 0 s candidate's impact parameter (B_ip) and impact parameter significance (B_ips) 10 ;

• The B 0 s candidate's vertex chi2 (B_vchi2);

• The B 0 s candidate's direction angle (B_dira) 11 ;

• The minimal distance between the muon tracks (distance of closest approach, mu_doca);

• The muon smallest impact parameter (mu_minips);

• The photon energy (gamma_PE) and transverse momentum (gamma_PT);

• The 4 photon isolation variables defined in section 5.4.2.

The distributions of these variables are plotted for MC signal and data side-bands in App. B.2. The multivariate analysis is trained separately for each year by merging the magnet polarities (no sizeable difference between Up and Down samples were observed). To ensure that a cut on the multivariate analysis output has the same efficiency on signal for each year, a transformation is applied on the output variable, such as it is flat on [0, 1] for signal MC. This is done by trading the multivariate analysis output for its p-value: 10 Significance is defined as the square root of the χ 2 , B_ips = sqrt(B_ipchi2). This angle corresponds to the angle between the reconstructed B 0 s momentum and the vector defined by the primary and the secondary vertices.

MLPS flat (x) = x -∞ f (t)dt
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≈ ix i=0 N i , ( 5.13) 
where x is the output of the MLPS, f is the distribution function of x on signal MC. For the binned version of the equation, i x is the number of the bin that contains x and N i is the number of events in the i th bin of the MLPS binned output. In the following we will call MLPS the variable MLPS flat . A cut at e.g. MLPS > 0.25 will thus have an efficiency of 75% on the signal for all the years.

Note on Decay Tree Fitter (DTF)

The origin of the photon is unknown and set by default to (0, 0, 0), the origin of the reconstruction frame. This alters the estimation of geometrical variables such as the dira, the impact parameters, etc. The decay can however be fitted by imposing a common vertex for all particles and, when appropriate, by fixing the masses of the decaying children particles. This improves the quality of part of the variables but shows a limited improvement on the candidates mass resolution in this analysis (3% on 2018 B 0 s → µ + µ -γ MC). In fact, this constraint also alters the backgrounds and make them harder to distinguish from signal. Given the huge number of low energetic photons at this step of the analysis, the use of DTF [START_REF] Hulsbergen | Decay chain fitting with a Kalman filter[END_REF] decreases the performance of the MLPS. This can be seen in Fig. 5.8 where the ROC curve (MLP DTF) is below the other curves in a large range of efficiencies.

DTF is therefore not used for the training of the multivariate analysis, but it is used for the final mass fits.

Performance and choice of the cut

The ROC curve of the MLPS is shown on Fig. 5.8, where several classifiers have been tested. In this case, the Multi-Layer Perceptron (MLP) showed slightly better performances than other classifiers 12 . Fig. 5.8 also shows the correlation between the input variables and the absence of overtraining for the MLP. As expected the new veto variables are highly correlated among them and with the other photon variables. A non-negligible correlation is also found with the B 0 s vertex χ 2 due to the event occupancy. This effect will be discussed in the section on MC weighting 8.3.

The training was performed on upper data side-bands, lower data side-bands and both. To compare the efficiency of these different setups, one cannot rely on the ROC curves given by TMVA as they are only computed on the testing samples (i.e. on upper, lower and both side-bands respectively). We therefore trained the three MLPS on data, applied them to the full sample and compared the background rejection. The result is shown on Fig. 5.8 (bottom-right panel). As the MLPS output is flat for signal, the curve that shows the best background
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rejection also shows the best performances. We conclude that training on the upper, lower or on both side-bands shows similar performances for the MLPS, and choose to train on both side-bands because the overtraining was smaller in this case. A loose cut is applied on the output of the MLPS. This cut is chosen in order to optimize the full selection process, namely the efficiency of the MLPS and the second multivariate analysis. To do so, we trained the global MLP (defined in section 6.3) imposing different MLPS cuts.

The MLP performance is evaluated using the Punzi figure of merit (FoM) [START_REF] Punzi | Sensitivity of searches for new signals and its optimization[END_REF]:

FoM = ε S σ/2 + √ N B , ( 5.14) 
where ε S is the signal efficiency, σ = 5 is the target statistical significance and N B is the number of events in the signal region. For each MLPS cut, the MLP defined in section 6.3 is trained and the FoM is computed along the MLP ROC curve. A difficulty arises from the fact that N B being the number of background events in the signal region, one needs to know the mass distribution of background events. Now, computing and applying the MLP for each MLPS is very time and CPU consuming and the analysis is performed blinded so N B is anyway not precisely known. To avoid this problem, the number of background events is assumed to decrease linearly with the mass in the entire mass range. This allows to estimate N B directly from the output of the MLP training without fitting the background mass p.d.f because by symmetry, N B is independent of the slope of the linear fit. This assumption is done for simplicity and will be improved in section 6.3 by using an exponentially decreasing fit for the estimation of the optimal MLP cut. The maximal FoMs are plotted in Fig. 5.9. As can be seen, the dependence on the MLPS cut is small, which can be understood as a compensation between the MLP and MLPS efficiencies. Decreasing the MLPS efficiency by lowering the cut makes the MLP more efficient. Indeed, if the MLPS cut is smaller, there are more background events in the selected sample. The MLP removes these background events easily, and looks therefore more efficient. The cut MLPS > 0.25 is finally chosen for all samples.

For the normalization channel, B 0 s → J/ψ (→ µ 1 µ 2 ) η(→ γ 1 γ 2 ), we impose that the cut is passed by either {µ 1 , µ 2 , γ 1 } or {µ 1 , µ 2 , γ 2 }. This increases the efficiency of the cut and does not affect the cancellation of uncertainties in the ratio of efficiencies between signal and normalization because the most energetic photon will play the same role as the photon in B 0 s → µ + µ -γ. Imposing that the cut is satisfied by both sets, apart from drastically lowering the efficiency, would imply constraints on the kinematics that do not reflect the signal constraints. For the control channel, B 0 s → φ(→ K 1 K 2 ) γ), the cut is applied on the set {K 1 , K 2 , γ}. The distribution of the output of the MLPS for the three channels are presented in Fig. 5.10. Note first that the MLPS selects B 0 s → φγ events more efficiently than signal events (see the peak at MLPS ∼ 1 in the upper right plot). This is mainly due to the cut on the photon transverse momentum P T > 2500 MeV performed at the stripping level. Indeed, as shown in Fig. 5.2, the photon background coming from π 0 is 80% smaller for a photon transverse momentum cut of 2500 MeV. The higher efficiency of the MLPS for the control channel compensates the poor stripping efficiency in Table A cut of 0.25 on the MLPS output (i.e. an efficiency of 75% on signal) showed slightly better performances for the full classification procedure. Note that the overall normalization is arbitrary, as for this plot, the signal efficiency ε S in eq. (5.14) is restricted to the MLPS signal efficiency.

disfavoured by the less energetic photons as depicted in Fig. 5.10 (bottom left). However, as the MLPS output is the maximum of the output for the two photons, and thanks to the cut on the η transverse momentum, the efficiency remains in the ballpark of the signal one.

The cut efficiency for signal, normalization and control channels are summarized in Tables 5. [START_REF] Hirata | Experimental Study of the Atmospheric Neutrino Flux[END_REF] The low efficiency for the normalization channel is due to the fact that the energy of the η is shared between the two photons. s → φγ are favoured by the MLPS (peak at 1) thanks to their energetic photon. For B 0 s → J/ψ η, the first plots shows the MLPS output as computed on the muons and one photon, while the second plots shows the maximum of the MLPS computed on each photon (see text for details).

Decay

Year The selection based on the MLPS reduces the background using geometrical variables. Due to the huge combinatorial background, the sensitivity at the end of this selection process is still very small and other variables are investigated to construct a multivariate analysis classifier. The most efficient variables are based on the property that particles coming from a B 0 s → µ + µ -γ decay are relatively isolated with respect to the other tracks of the event. Muons or photons coming from combinatorial background are usually surrounded by other particles produced from the same vertex (e.g. to conserve leptonic number).

ε MLPS|Strip&Reco [%] Bin I Bin II Bin III B 0 s → µ + µ -γ

Photon isolation

Specific variables have been developed and are presented in section 5.4.2 to reduce the photon background due to π 0 and η decays. Photons can also be produced CHAPTER 6. SIGNAL CLASSIFICATION by charged tracks, so we also measure the isolation of the photon with respect to charged particles. To do so, we define an η -φ cone around the photon direction and add the transverse momentum of all the tracks in this cone (ignoring the two muon candidates). We then define the following variable

I γ = γ PT γ PT + t∈cone t PT ∈ [0, 1] , ( 6.1) 
where 0 means a poorly isolated photon, while 1 is obtained only if the photon is alone in its cone1 . Different cone angles have been tested and an angle of ∆φ 2 + ∆η 2 = 1 rad was found to give the best separation between signal and data side-bands. Fig. 6.1 shows the intersection of such cones with the ECAL plane for the 3 different regions. Note that the cone is defined by the reconstructed photon momentum. This means that the cone starts from the origin of the detector frame and not from the actual photon production vertex. Given the size of the cone angle, the effect on the photon isolation is expected to be small. 

Tracks isolations

The leptonic combinatorial background can be efficiently reduced by cutting on the muon isolation. The naive estimation of the muons isolation consists in counting

TRACKS ISOLATIONS

the number of tracks inside an η -φ cone around the muon track. In Section 6.2.1 we define an alternative set of variables developed in the B 0 s → µ + µ -analysis and present its performance on data in Section 6.2.2.

Tracks isolation variables in the B

0 s → µ + µ -analysis
We summarize here the isolation variables developed in the B 0 s → µ + µ -analysis. New variables are needed to estimate whether the tracks surrounding a muon indicate that the event comes from background or not. The complete description of these variables can be found in [START_REF] Archilli | Background studies for B 0 → µ + µanalysis optimization[END_REF] and their efficiency in the context of the B 0 s → µ + µ -analysis is described in [START_REF] Archilli | Search for the B 0 → µ + µdecay and measurement of the B 0 s → µ + µbranching fraction and effective lifetime[END_REF]. The idea is to train a multivariate analysis on MC and data events to separate tracks that share a common ancestor with the muon (so-called "non-isolating tracks") from the other tracks of the events. The variables used for the multivariate analysis were updated in 2014. The sets are as follows:

Set 1 (variables already present in the 2013 B 0 s → µ + µ -analysis): • trk_ips: minimum of the square root of the impact parameter χ 2 of the track with respect to any primary vertex (PV) of the event

• trk_pvdis: signed distance between the (track, muon) vertex and the PV

• trk_svdis: signed distance between the (track, muon) vertex and the B 0 s end-vertex

• trk_doca: distance of closest approach between the track and the muon

• trk_angle: angle between the track and the muon

• fc: geometrical variable defined in [START_REF] Mancinelli | Study of Muon Isolation in the B 0 s → µ + µ -Channel[END_REF] that goes to zero when the (track, muon) system originates from the PV Set 2 (variables added in 2014):

• trk_dphi: absolute value of the difference between the azimuthal angles of the track and the muon

• trk_deta: absolute value of the difference between the pseudo-rapidities of the track and the muon

• trk_pt: transverse momentum of the track These two sets of variables can be defined for Long tracks and for Velo tracks (cf Fig. 4.2). Other sets of variables have been tested but the best isolation performances were obtained with Set 1 + Set 2 for long tracks and Set 1 only for Velo tracks. The long (respectively Velo) isolation variable is defined as the mean of the two largest output values obtained when applying the multivariate analysis on each long (resp. Velo) track of the event. These variables have been computed directly during the stripping.

Performance of the track isolation variables on data

The isolation variables are expected to depend on the number of tracks in the event and the kinematics of the muons. They should therefore be affected by MC weighting. As these variables cannot be tested on the control channel (that involves kaons instead of muons), we tested them on the normalization channel. To avoid any bias, this comparison is performed without MLP cut, i.e. on samples where these variables are not used for background rejection. Fig. 6.2 shows the isolation variables for MC and data events. Considering that the shapes are correctly reproduced in data, the remaining difference (measured with the means of the distributions) is considered as a systematic uncertainties and propagated to the global multivariate analysis.

Global multivariate analysis

The events are finally classified with a second multivariate analysis trained on weighted signal simulation and data side-bands (as defined in section 5.5). The variables used for this analysis are inspired from other analysis and chosen using the same algorithm as for the first multivariate analysis.

Definition

The 11 selected variables are:

• The cosine of the angle between the µ + momentum in the B rest frame and the vector perpendicular to the B momentum and the beam axis (CosP). The angle distribution should be flat for the signal (due to rotational invariance) while the distribution of the cosine is expected to be flat for combinatorial background that mainly comes from the beam.

• The B 0 s candidate's direction angle (B_dira)

• The B 0 s candidate's impact parameter significance (B_ips)

• The B 0 s candidate's transverse momentum (B_PT)

• The photon energy (gamma_PE) and transverse momentum (gamma_PT)

• The photon isolation variable I γ defined in 6.1 (gamma_isolation);

• The muon smallest impact parameter significance (mu_minips);

• The muon isolation variables defined in 6.2;

• The distance between the two muons in the η -φ plane: ∆R = ∆φ 2 + ∆η 2 (DeltaRmumu). Note that ∆φ is not always equal to |muplus_phi-muminus_phi| due to the invariance under a 2π rotation. s → J/ψ η MC and data events. Note that these variables come from the output of a multi-variable classifier, hence negative values should not be interpreted as a "negative isolation".
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The distribution of these variables is shown in App. B.2. Note that the MLP shares variables with the MLPS. This could have been a problem for the propagation of systematic uncertainties if the MLPS was used as a variable of the MLP. Here, the cut MLPS > 0.25 is applied and the systematic uncertainties can be safely propagated first through the MLPS and then through the MLP. As for the MLPS, the transformation Eq. (5.13) is applied on the output of this classifier to obtain a flat output for signal.

Performances and choice of the cut

As for the MLPS, the best classifier was found to be a MLP and no overtraining was found, as pictured on Fig. 6.3. The training is performed separately on each year.

The training was again performed on upper and lower data side-bands (defined in 5.5) but training on both showed the best background rejection. This can be seen on the same figure (bottom-right plot), where the output of MLPs trained on upper, lower and both side-bands are plotted. As the MLP output is flat for signal, the curve that shows the best background rejection also shows the best performances. Fig. 6.3 also presents the correlations among input variables.

The best MLP cuts are chosen from the FoM of the signal as defined in Eq. (5.14), where N B is computed by fitting the side-bands with an exponential distribution (see e.g. Fig. ??) and the signal mass-window is defined as [5267,5467] MeV. The FoM for signal is depicted in Fig. 6.4 for the full sample. The optimal cut is found to be MLP> 0.7. The same method is applied to find the optimal cuts in each q 2 bins. The cut MLP> 0.7 is optimal for Bin I, for Bin II the best value is MLP> 0. 

Correlation between m(µµγ) and the MLP output

A strong correlation between the B 0 s candidate mass and the MLP output could bias the final fit. To check that this is not the case, the correlation coefficient between this two variables is measured on upper and lower side-bands. The result, presented in Fig. 6.5, shows no peaking structures and small correlation coeffi- To further ensure the absence of peaking structures in the signal region, fake combinatorial background is produced from data following two methods 1. The candidate photon is traded for the candidate of another event. Taking the next event or ten events after showed no difference (as one could expect
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due to multiple candidates).

2. The candidate photon is flipped around the Z (beam) axis, i.e. (E γ , PX, PY, PZ) is traded for (E γ , -PX, -PY, PZ).

In both cases, the B 0 s is reconstructed with the new photon and the MLP is recomputed with the updated geometrical variables. This produces large samples of purely combinatorial background. Note that this background is not fully representative of the true combinatorial background as the other selection cuts are not recomputed. Figure 6.6 shows the evolution of the mean MLP with the B 0 s candidate mass for the two procedures. The absence of peaking structure for both methods ensures that the MLP will not bias the final fit. 

Treatment of multiple candidates

As described in [START_REF] Koppenburg | Statistical biases in measurements with multiple candidates[END_REF], the treatment of events with multiple candidates can lead to biases in the branching ratio estimate. Keeping only the candidate with the largest MLP output can indeed produce artificial peaks in the signal region. The mean number of candidates passing all the selection requirements per event is 1.07 for a MLP cut of 0.7. Given this small number, we keep all candidates, which avoids potential biases.

7

Fits and Backgrounds This chapter provides a description of the backgrounds that pollute the signal mass window and the fit models used to describe their mass distribution as well as that of the signal.

Signal Fit

The search for signal events is only performed in the sample passing the optimal MLP cut.

Fit Model

The signal invariant mass distribution is extracted from MC samples and described with a double sided Crystal-Ball p.d.f defined as [START_REF] Calvo | Photon polarization in B 0 s → φγ[END_REF][START_REF] Skwarnicki | A study of the radiative cascade transitions between the Upsilon-prime and Upsilon resonances[END_REF]:

CB 2 (m; µ, σ, α i , n i ) =                  a L b L - m -µ σ -n L for m -µ σ ≤ -α L , exp - (m -µ) 2 2σ 2 for -α L < m -µ σ ≤ α R , a R b R + m -µ σ -n R for α R < m -µ σ , ( 7.1) 
where α L,R > 0 and

a i = n i α i n i exp - α 2 i 2 , b i = n i α i -α i . (7.2)

Fit Strategy

Given the rareness of the process, and unless the branching ratio is much larger than predicted in the SM, the signal yield can be estimated to be at most O [START_REF] Higgs | Broken symmetries, massless particles and gauge fields[END_REF] (see section 9.3). Leaving all the models parameters free in the fit would hence results in large uncertainties or no convergence at all. n i , α i (i = L, R) and σ are therefore fixed to the simulation. The mean µ and the global yield are floated in the fit to data. Fixing the width of the signal to that obtained in the simulation fit results in a systematic error which is studied in section 9.1, based on the control sample.

Tables 7.1 and 7.2 give the values of the parameters for each year as measured on MC samples1 . The values used for the final fit are the mean parameters weighted by the MC samples size and per-year integrated luminosity. The fits are displayed in Fig. 7.1 (and in Appendix B.3 for the q 2 -binned fits).

The behaviour of the signal width σ in the different bins can be understood from the following estimation: Bin III 3.0 ± 0.9 1.72 ± 0.04 5.9 ± 0.7 1.42 ± 0.04 40.6 ± 0.5 5364.9 ± 0.5

m(µµγ) 2 = m(µµ) 2 + 2 p γ • (p µ + + p µ -) = m(µµ) 2 + 2 E γ (E µ + + E µ -- p γ E γ • ( p µ + + p µ -)) .

COMBINATORIAL BACKGROUND

Year n L α L n R α R σ [MeV] µ [MeV
Table 7.2: Averaged fit parameters for signal MC in bins of q2 . The MLP cuts are set to 0.7, 0.1 and 0.075 for Bin I, II and III respectively. n i , α i and σ will be used in the fit on data while µ will be left floating.

The uncertainty of the r.h.s of the previous equation is mainly due to the uncertainty on the photon energy E γ . Therefore

σ ≈ σ γ F ( p µ + , p µ -, p γ E γ ) with F = E µ + + E µ -- pγ Eγ • ( p µ + + p µ -) M B 0 s , ( 7.3) 
and the uncertainty on the parameters of the F factor are small with respect to the uncertainty σ γ on the photon energy. From MC simulation we get that σ γ is almost constant among the q 2 bins 2 , while we have F Bin I ≈ 10%, F Bin II ≈ 8% and F Bin III ≈ 5%, consistent with the width obtained in Table 7.2.

Combinatorial background

Due to the modest resolution on the photon momentum and the large occupancy in the ECAL, the main background is combinatorial. A relevant pair of muons is randomly associated with the large number of low-energy photons of the event, 

Hadronic B → hh γ decays

Peaking backgrounds can emerge from doubly mis-identified hadronic decays. The main ones are B 0 s → φγ where the φ decays into two charged kaons, and B 0 → K * 0 γ where the K * 0 decays into a pion and a kaon. The mis-identification of the hadrons as muons was accurately studied in the B 0 s → µ + µ -analysis [START_REF] Archilli | Search for the B 0 → µ + µdecay and measurement of the B 0 s → µ + µbranching fraction and effective lifetime[END_REF]. To estimate the expected yields of these backgrounds, the mis-identification probabilities measured with PIDCalib (see section 5.4) are convoluted using the kinematics of weighted signal simulations. The results are presented in Table 7 

(ε(K → µ) ⊗ ε(K → µ)) × B(φ → KK).
The quoted error is the statistical error due to the limited size of the MC samples and the PID tables.

The main source of hadron mis-identification is due to their decay in flight. By
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lepton number conservation, the muon is created with an additional neutrino before it is observed by the detector. The mass distributions of these backgrounds are therefore distorted by the missing neutrinos. To estimate this effect, we smeared the momentum of the hadrons in B → hh γ MC. The smearing parameters are measured on B 0 s → φγ (respectively B 0 → K * 0 γ) simulation imposing that the kaon (resp. the pion) passes the IsMuon algorithm. The difference between the reconstructed and the true momenta are fitted with two Gaussian distributions (see Fig. 7.3 for the distributions and Table 7.4 for the parameters). The smeared mass distributions are finally fitted with double-sided Crystal Balls (see eq. 7.1). The result of these fits are shown in Fig. 7.4 and the parameters of the Crystal Balls are given in Table 7.5.

The expected yields, shown in Table 7.7 are small enough to safely neglect
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MeV) and the ω (M ω = 782.65 ± 0.12 MeV), while B 0 s → γ form-factors involve the φ (M φ = 1019.461 ± 0.019 MeV) [START_REF] Tanabashi | Review of particle physics[END_REF]. The sensitivity of this analysis is therefore expected to be the same for B 0 s and B 0 in Bin II and III. Assuming that the branching ratio in Bin I is dominated by the resonances, one can approximate the initial number of events under the narrow-width approximation [START_REF] Guadagnoli | B 0 s → +γ as a test of lepton flavor universality[END_REF][START_REF] Tanabashi | Review of particle physics[END_REF]:

N B 0 →µµγ N B 0 s →µµγ Bin I ≈ f d f s B(B 0 → ργ)B(ρ → µµ) + B(B 0 → ωγ)B(ω → µµ) B(B 0 s → φγ)B(φ → µµ) ≈ 0.03 . (7.4)
In the two other bins, the relative factor is larger [START_REF] Tanabashi | Review of particle physics[END_REF]:

N B 0 →µµγ N B 0 s →µµγ Bin II ≈ N B 0 →µµγ N B 0 s →µµγ Bin III ≈ f d f s V td V ts 2 ≈ 0.17 , ( 7.5) 
where V is the CKM matrix. B 0 → µ + µ -γ events are therefore considered as negligible in Bin I, and added to the fit only in Bin II and III. In these bins the signal p.d.f is used with a scaling of M B 0 /M B 0 s for the mass and the width.

B

0 → µ + µ -π 0
The most difficult background in this analysis is due to the non-resonant B 0 → µ + µ -π 0 decays, although they have never been observed yet. The current upper limit on the branching ratio is set by BaBar and reads B(B 0 → µ + µ -π 0 ) < 6.9 × 10 -8 at 90% CL [START_REF] Lees | Search for the rare decays B → π +and B 0 → η +[END_REF] 3 . The branching ratio can however be estimated from the LHCb measurement of

B ± → µ + µ -π ± [381]
B(B ± → µ + µ -π ± ) = (1.83 ± 0.25) × 10 -8 , (

and the theoretical estimation [START_REF] Wang | The semileptonic decays B/B s → (π, K)( + -, ν, ν ν) in the perturbative QCD approach beyond the leading-order[END_REF] B(B

0 → µ + µ -π 0 ) B(B ± → µ + µ -π ± ) = 0.47 +0.22 -0.18 . ( 7.7) 
Combining these two measurements, one gets

B(B 0 → µ + µ -π 0 ) = (8.6 ± 3.6) × 10 -9 . (7.8)
The pollution in B 0 s → µ + µ -γ events is obtained either when

• the π 0 decays into two resolved photons (resolved π 0 ) ;

• the π 0 is mis-identified as a photon by the calorimeter (merged π 0 ).

For the merged π 0 , most of the energy of the initial B 0 is measured, so a Gaussian shape, centred around the B 0 mass, is expected. The width of this Gaussian is due to the uncertainty on the π 0 momentum and is expected to be comparable to that of B 0 s → µ + µ -γ events. However, as the size of the π 0 shower may exceed the 3 × 3 cells cluster of the ECAL, some energy can be missed in the reconstruction, implying a spread of the distribution to lower mass. This effect can be accounted for by using a simple Crystal Ball distribution instead of a Gaussian. Concerning the resolved π 0 , one photon is not reconstructed and the invariant mass of the remaining particles can be fitted by an Argus distribution with a kinematic limit close to the B 0 mass4 . To account for the uncertainties on the energy, this Argus distribution is convoluted with a Gaussian, centred on zero (this convoluted distribution will be denoted as Argus⊗Gaussian distribution in the following). The reconstruction efficiency is different in each category due to the different kinematics and because some cuts have different impacts on the merged and resolved π 0 . For instance, merged π 0 are mainly affected by the IsPhoton algorithm, while resolved π 0 are tackled by the 'improved' veto (section 5.4.2) and kinematic variables.

Now, it appears that the convergence of the fit is challenged by (a) the larger suppression of resolved events due to the kinematics, (b) the overlap between the two distributions and (c) the limited statistics of the simulated sample. In practice, the fit converges on MC, as shown in Fig. 7.5, left panel. However, generating an amount of event similar to the one expected in the final fit shows that it is unable to resolve Merged and Resolved π 0 . On the other hand, fitting both Resolved and Merged events with one single doublesided Crystal Ball (eq. 7.1) shows stable performances and this simpler shape is kept for the final fit. The fit, performed on MC, is shown on Fig. 7.5, right panel, and the results of the fit are given in Table 7.6.

B 0 → µ + µ -η

In the same vein as B 0 → µ + µ -π 0 , other light meson resonances, such as B 0 → µ + µ -η, could pollute the signal mass region. This decay has never been observed outside the charmonium peak, and an upper limit was set by the BaBar collaboration [START_REF] Lees | Search for the rare decays B → π +and B 0 → η +[END_REF] B(B 0 → µ + µ -η) < 1.12 × 10 -7 . (7.9)

The SM branching ratio is expected to lie in the [2.5, 3.7] × 10 -8 range, with an uncertainty mainly due to the lack of knowledge on the B 0 → η form-factors [START_REF] Erkol | The Analysis of B 0 → (η, η ) +decays in the standard model[END_REF].

A small set of events (20k) is produced using the DecFile 11412200 and the 2016 setup. The contribution of merged η is negligible so we fit the mass distribution with the same distribution as for resolved B 0 → µ + µ -π 0 decays, namely an Argus⊗Gaussian distribution. The result of the fit is shown on Fig. 7.6. As the mass of the η is larger than the mass of the π 0 , the energy of the photons is also 

Parameters B 0 → µ + µ -π 0 B 0 → µ + µ -η

Λ b decays

One could expect background events from the Λ b → pKγ decays, where the proton and the kaon are misidentify as muons. The branching ratio B(Λ 0 b → pKγ) has never been measured yet, but the estimate B(Λ b → pKγ) = (3.39 ± 0.48) × 10 -5 (7.10) was obtained in [START_REF] Molina | Study of b-hadron decays into two hadrons and a photon at LHCb and first observation of b-baryon radiative decays[END_REF] for the resonant and non-resonant contributions for m(pK) in [1400, 2600] MeV. Using conservative values for the mis-identification probabilities ε(p → µ) < 10 -3 and ε(K → µ) < 10 -2 and the hadronisation fraction [START_REF] Aaij | Measurement of b-hadron fractions in 13 TeV pp collisions[END_REF], one get an upper limit on the effective branching fraction B eff < 7.1 × 10 -10 . Assuming that the other efficiencies are comparable to the signal efficiency, this background is, at most, one order of magnitude smaller than the signal. As m(Λ 0 b ) = 5619.60 ± 0.17 [START_REF] Tanabashi | Review of particle physics[END_REF], the peak would furthermore be in the upper sideband and we neglect this background in the following.

f Λ 0 b /f B 0 s ≈ 2.1
The same procedure can be applied to Λ 0 b → Λγ decays, whose branching fraction has recently be measured by the LHCb collaboration [START_REF] Aaij | First Observation of the Radiative Decay Λ 0 b → Λγ[END_REF] B(Λ 0 b → Λγ) = (7.1 ± 1.8) × 10 -6 . (7.11)

The two branching fractions B(Λ → pπ) = (63.9 ± 0.5)% and B(Λ → pµν) = (1.57 ± 0.35) × 10 -4 [START_REF] Tanabashi | Review of particle physics[END_REF] yield effective branching ratios of the order 10 -11 , far below the current sensitivity.

Yields

The background yields expected in the final fit can be roughly estimated from the efficiencies previously measured and the integrated luminosity. These yields are

PHYSICAL BACKGROUNDS

summarized in Table 7.7. In this table we estimated global uncertainties assuming that the errors computed for each separate efficiency are uncorrelated. This is not true, e.g. the statistical error for the PID and the multivariate analysis efficiency are both due to the limited size of the simulation sample. We did not restrict the yields to the signal region [5167,5567] MeV, but used the larger range [3867,6867] MeV. Hence, the backgrounds with a large yield but a small pollution will not be a problem for the final fit. For example, the B 0 → µ + µ -η yield is large, especially in Bin II and III, but its mass distribution (cf. Fig. 7.6) is such that the impact on the signal region is small.

Background

Expected Expected yields for the main backgrounds for an integrated luminosity of 5.57/fb and the optimal cut MLP> 0.7. Note that no other bounds than the one applied at the stripping level are applied on the B 0 s candidate mass, so the background events can be far from the signal region (esp. for B 0 → µ + µ -η events, cf. Fig. 7.6).

Background

Bin I Bin II Bin III B 0 s → φγ 0.06 ± 0.01 --

B 0 → µ + µ -γ 0.10 ± 0.02 - 0.26 ± 0.03 B 0 → K * 0 γ 0.8 ± 0.2 - - B 0 → µ + µ -π 0 3 ± 1 10 ± 4 9 ± 4 B 0 → µ + µ -η 3 ± 1 28 ± 6 16 ± 4
Table 7.8: Expected yields in q 2 bins for the main backgrounds for an integrated luminosity of 5.57/fb. -means that the yield is too small to be computed and the background is neglected.
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Normalization and control channels, weighting and trigger efficiencies 

Normalization

Due to the uncertainty on the estimation of the integrated luminosity and on the b b production cross-section, the signal branching ratio is normalized to B 0 s → J/ψ η (where the J/ψ decays into two muons and the η into two photons). This also allows a partial cancellation in the ratio between the different efficiencies which lowers the global uncertainty on the final result. The branching ratio is therefore expressed as

B(B 0 s → µ + µ -γ) = B norm N norm × f norm × N B 0 s →µµγ , ( 8.1) 
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where the normalization constant is divided in several ratios

f norm = ε Acc norm ε Acc B 0 s →µµγ × ε Strip & Reco norm ε Strip & Reco B 0 s →µµγ × ε Sel norm ε Sel B 0 s →µµγ × ε Trig norm ε Trig B 0 s →µµγ × ε PID norm ε PID B 0 s →µµγ × ε MLP norm ε MLP B 0 s →µµγ . (8.2)
The normalization channel is usually chosen to have a similar kinematics as the signal and, as far as possible, similar final-state particles. The choice of B 0 s → J/ψ η was made because it presents muons and low energetic photons (compared e.g. to B 0 s → φγ). On the other hand, its statistic is not large, which triggers larger statistical errors.

For B 0 s → J/ψ η branching ratio, the latest CP-averaged values read [START_REF] Tanabashi | Review of particle physics[END_REF] B(B 0 s → J/ψ η) = (4.0 ± 0.7) × 10 -4 , (8.3)

B(J/ψ → µµ) = (5.961 ± 0.033)% , ( 8.4) 
B(η → γγ) = (39.41 ± 0.20)% , (8.5)

B norm = (9.3 ± 1.6) × 10 -6 . ( 8.6) 
Note the two important following points:

1. The 17% error on the B 0 s → J/ψ η branching ratio directly impacts the final B 0 s → µ + µ -γ branching ratio measurement.

2. Any new measurement of B 0 s → J/ψ η will directly improve this measurement, so the final result will be presented in such a way that it can be easily updated.

Backgrounds

The following backgrounds are considered for the normalization channel:

• B 0 → J/ψ η: the B 0 counterpart of the B 0 s decay. The ratio of branching ratios experimentally averages to [START_REF] Zyla | Review of Particle Physics[END_REF] 

B(B 0 → J/ψ η) B(B 0 s → J/ψ η) = 0.027 ± 0.008 , ( 8.7) 
in agreement with LHCb's measurement 0.0185±0.0061±0.0014 [START_REF] Aaij | Study of η-η mixing from measurement of B 0 (s) → J/ψ η ( ) decay rates[END_REF]. These events are fitted with the same shape as for the signal, but the relative contribution are floated in the fit to take into account the difference of efficiency. The final yield is finally cross-checked with the theoretical prediction eq. (8.7).

Cross-checks

The expected number of B 0 s → J/ψ η event can also be evaluated using simulation and the measured integrated luminosity. We have

N exp norm = Ldt × 2f s σ(pp → b b + X) × B norm × ε norm , ( 8.10 
)

ε norm = ε Acc norm × ε Strip & Reco norm × ε PID norm × ε MLPS norm , ( 8.11) 
where 2f s σ(pp → b b + X) gives the number of B 0 s produced in LHCb1 and B norm is defined in eq. (8.6).

We use f s = 0.103±0.005 [START_REF] Amhis | Averages of b-hadron, c-hadron, and τ -lepton properties as of summer 2016[END_REF] and σ(pp → b b+X) 13 TeV = 495±2±52 µb [START_REF] Aaij | Measurement of forward J/ψ production cross-sections in pp collisions at √ s = 13 TeV[END_REF]. Injecting the efficiencies presented in Table 9.4 in eq. (8.10), the expected number of B 0 s → J/ψ η events reads

N exp norm = 7800 ± 1400 ± 800 . (8.12)
Where the first is statistical (mainly due to the uncertainty on the normalization branching ratio), and the second is systematic. This number is encouragingly close to the observed yield and the ratio of expected/observed yield is year independent within errors. The remaining discrepancy can be associated to an overestimation of the luminosity (due to failed jobs, missing data. . . ) and to the remaining data/MC differences. For both categories, a cancellation of the errors is expected in the ratio between the signal and normalization yields. The remaining data/MC differences are already accounted for as systematic uncertainties on the multivariate analysis cuts efficiencies.

As a second test, we checked that the number of B 0 → J/ψ η is in the expected ballpark to ensure that the mixing between B 0 s and B 0 events is not large. Using eq. (8.7) and the ratio f s /f d [START_REF] Aaij | Measurement of B meson production cross-sections in proton-proton collisions at √ s = 7 TeV[END_REF] one get an effective ratio of 0.097 ± 0.035, which is in good agreement with the fit output in Table 8.1 that yields 0.130 ± 0.013. The uncertainty due to this overlap is already present in the fit output.

As a final cross-check, the fitting procedure is performed in two steps. First, the η mass is fitted with a double-sided Crystal Ball distribution with tails parameters fixed to simulation and a linear background. Then the sPlot method [START_REF] Pivk | sPlot: A statistical tool to unfold data distributions[END_REF] is used to subtract the η background from the B 0 s mass plot. The final fit is performed on this decay-tree-fitted, background-subtracted mass spectrum. This procedure ensures a very clean peak with low remaining background, see Fig. 8.2. The results of this method are compatible with the direct fit.

N exp norm = Ldt × σ(pp → B 0 s + X) × Bnorm × εnorm .
However, σ(pp → B 0 s + X) is measured in these references with an acceptance cut already accounted for in εnorm, which would result in a double-counting. Two methods are used, the direct fit of the B 0 s candidate mass and the two-step procedure described in the text as a cross-check. The MLP cut is fixed at 0.02. µ, σ and N respectively stand for the mean, the width and the yield of the distributions.

CONTROL CHANNEL

Control channel

Signal simulation is not perfect and one needs to estimate the change of efficiency due to the entailed discrepancies. The impact of these imperfections on the analysis is twofold. First, the efficiencies computed on simulation may be biased. Second, multivariate analysis are trained on imperfect MC, so the selection will loose efficiency by mis-classifying events. Discrepancies can be found in global variables (number of tracks, number of hits in the SPD. . . ), in the reconstruction (tracks and vertices χ 2 . . . ) or in the theoretical inputs (resonances, form-factors. . . ). Global variables can be corrected for by an appropriate weighting, estimated by CHAPTER 8. NORMALIZATION AND CONTROL CHANNELS, WEIGHTING AND TRIGGER EFFICIENCIES comparing any MC and data samples. Reconstruction variables require samples with similar particles, kinematics and selections. Finally, the impact of theoretical inputs can be checked by weighting the MC using updated parameters.

As the normalization channel has a different kinematics from the signal, a second control channel is needed. B 0 s → φγ decays, where the φ decays into two kaons, is therefore used to control the global variables and some of the reconstruction variables. The branching fraction of this decay, (3.4 ± 0.4) × 10 -5 [START_REF] Zyla | Review of Particle Physics[END_REF], is more than three orders of magnitude larger than the signal one, which yields a large enough statistics to perform the comparisons.

Event selection and yields

To improve the similarity with B 0 s → µ + µ -γ events, B 0 s → φγ events are reconstructed as 3-body decays, namely without imposing additional mass or vertex requirement on the two K's on top of those present in the stripping line. For example, constraining the reconstructed φ mass to its PDG value would reduce the B 0 s width by a couple of MeV as can be seen by comparing Fig. 8.2 (σ = 90.2 ± 0.9 MeV/c 2 ) to the B 0 s → φγ analysis [START_REF] Calvo | Photon polarization in B 0 s → φγ[END_REF] where this method is applied (Table 3.6, σ = 86.31 ± 1.97 MeV/c 2 ). On the other hand, imposing this φ nominal mass may alter other variables distribution and blur the comparison. The absence of further constraints therefore avoids potential bias in the variables distributions that could arise from the decay reconstruction procedure. Furthermore, the comparison is performed on TOS events only to simplify the comparison. Indeed, TIS events can have different cuts especially on the φ transverse momentum which impacts the variables distributions.

The selection of events is performed by training a multivariate analysis based on the same variables as the signal MLPS (see section 5.5) on B 0 s → φγ MC and data side-bands. To avoid any bias in the data-MC comparison, the cut on this multivariate analysis has to be kept as low as possible. A large cut would enforce data to mimic MC distributions and would blur the comparison. A cut of 0.1 on the flatten MLPS output was found to be a good compromise. This approach implies that the sPlot [START_REF] Pivk | sPlot: A statistical tool to unfold data distributions[END_REF] has to be used to deal with the large combinatorial background in order to extract the distribution of variables that are then compared to the simulation. The B 0 s candidate mass distribution is fitted with a double-sided Crystal Ball with tails parameters fixed on MC, the background distributions (described in the next paragraph) and an exponentially decreasing component for the remaining combinatorial background (the resulting fit is shown on Fig. 8.3 and Table 8.2.). Background subtracted variables can then be extracted using sPlot and compared with MC. To avoid large weights from events coming from the tails of the signal distribution (where the ratio between signal and background is large), the mass window is reduced to [5000, 5700] MeV. The results of this comparison are discussed in the following section.

MC-DATA DISCREPANCIES AND WEIGHTING

Backgrounds

The backgrounds found in the dedicated B 0 s → φγ analysis are [START_REF] Calvo | Photon polarization in B 0 s → φγ[END_REF]: • B → φγK, the MC was available and fitted with an Argus⊗Gaussian distribution;

• B 0 s → φγπ 0 , was found to be negligible;

• Λ 0 b → Λ * (pK)γ and the non-resonant B → KKπ 0 have contamination of the order of 2%. These contaminations are small enough not to alter the variables distribution and these backgrounds are neglected. 8.2. SWeights are extracted from the fit and used to compare data and MC. The partially reconstructed background is due to B → φγK decays. the SPD are not well reproduced. These variables being correlated with other variables, these discrepancies impact other distributions.

MC-data discrepancies and weighting

• The B 0 s vertex χ 2 shows large discrepancies. They are due first to the mismodelling of the number of tracks but also to the tracking of the kaons in B 0 s → φγ. As can be checked on B 0 s → J/ψ η events, correcting for the number of tracks is enough to improve the distribution of this variable (see later in text and Table 8.3).

• The distribution of the B transverse momentum is also distorted in both B 0 s → φγ and B 0 s → J/ψ η samples.

• Despite its correlation with the number of tracks and SPD hits, the photon cone isolation is correctly reproduced.

• Muon isolation variables are also correctly reproduced.

The strategy used to account for these discrepancies is twofold. In a first step, weights are computed from the control channel and applied to the simulated samples. This limits the mis-training of the multivariate analysis. Then, the remaining discrepancies are measured on the control and the normalization channels and propagated through the multivariate analysis. The change of efficiency of the multivariate analysis cuts is considered as a systematic error.

Weighting

The weighting of the MC samples is performed on three variables, the number of long tracks (nLongTracks), the energy of the B (B_PE) and the pseudo-rapidity of the B (B_eta). Weighting on nLongTracks allows to correct the variables correlated to the event occupancy such as isolations and vertex χ 2 . Correcting for the discrepancies in B_PE and B_eta allows to correct for B_PT, on which the MLP output showed a large correlation, and for the children particles kinematics. (The weighting cannot be done directly on B_PT because this variable has different cut in
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the signal, normalization and control samples.) The distribution of nLongTracks, B_PE and B_eta are presented in Fig. 8.4.

Two methods have been tested for the weighting procedure. The simplest method consists in an uniform binning of the weighting variables distributions. The weights are then computed by taking the ratio of events between data and simulations in each of these bins. This method gives unsatisfactory results, mainly because bins with few events lead to non-physical weights. To improve this method, the binning is not chosen uniformly, but by a multivariate analysis. Regression trees are trained to find the best possible weights and bins. This method, known as GradBoost weighting [START_REF] Rogozhnikov | Reweighting with Boosted Decision Trees[END_REF], is far more stable than the "naive" approach. To increase stability and avoid a training bias, the control sample is randomly divided into two parts, and a classifier is trained on each part and tested on the other. The predicted weight is obtained as the average of the two classifiers output.

The post-weighting discrepancies visible on Fig. 8.4 are mainly due to the fact that, to compute weights, the data sample needs to be pure enough. Although the selection applied on data is kept as light as possible, the distributions are slightly biased. This bias is accounted for by comparing all the remaining discrepancies.

Remaining discrepancies

The remaining discrepancies are evaluated on the normalization and the control channels. As the shapes of the variable distributions are usually the same for MC and data, the difference of the mean of the distributions is considered as a good approximation of the error. The shape of the distributions are shown in Appendix B.5, and the values obtained by this method are given in Table 8.3. The values used to estimate the multivariate analysis systematic errors are given in the third column. For most of the variables, the physical error is the relative error. However, for muon isolations and the CosP variable, the mean of the distribution is close to zero and the absolute difference is used.

For gamma_dm_eta, the normalization channel gives unexpected results. This is due to the method used to extract the variables, the sWeights are largely correlated with the eta mass which is fully correlated with gamma_dm_eta. The error measured on the control channel is therefore used.

Ratios of trigger efficiency

The trigger efficiency can be estimated on weighted simulations or using data and the TISTOS method [START_REF] Tolk | Data driven trigger efficiency determination at LHCb[END_REF]. Both approaches are presented here.

MC estimation

The main difficulty in the estimation of the trigger efficiency is that the trigger configuration changed many times during the years, each configuration yielding s → φγ events. The correction on the number of long tracks improves the distribution of variables correlated to the multiplicity in the event. Correcting on the B candidate energy and pseudo-rapidity mainly improves those of other geometrical variables. The weighting is performed using a GradBoost weighting, see text for details. a different efficiency. For the present analysis, three lines are impacted by these trigger changes, L0Photon, L0Muon and Hlt1TrackMVA.
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Variable

(1.0 ± 0.8)% (2.7 ± 1.0)% 1% gamma_dmpi0 (-3 ± 1)% (-5 ± 3)% -5% gamma_dmeta (-1.3 ± 0.6)% (40 ± 2)% -1.3% muons Long isolation (-3.1 ± 0.2) 10 -3 (-1.4 ± 0.9) 10 -3 -1.
At the L0 level, these changes concern the L0 transverse energy threshold of the photon and the L0 transverse momentum threshold of the muons. These changes were necessary to keep a constant trigger rate, especially in 2016 where the calibration of the photon energy was not fully efficient.

The Hlt1TrackMVA line selects tracks with a high quality (χ 2 < 2.5) and large P T and χ 2 IP . For energetic tracks (P As the MC samples only simulate one TCK per year, one needs to simulate the different configurations offline to compute an average efficiency. The trigger configurations are summarized in Table 8.4 for 2016, tables 8.5 for 2017 and 8.6 for 20182 . As apparent in these tables, the MC does not simulate the TCK with the smallest thresholds. To avoid any bias and to correctly compute the trigger efficiency, the minimal thresholds are fixed to the simulated one. In other words, the L0 requirement eq. ( 5 To compute the efficiency of the photon trigger, we therefore estimated the efficiency of the different thresholds in Tables 8.4 and 8.5 by simulating the trigger cut offline and weighted the efficiencies with the corresponding luminosities. Note that, as described in [START_REF] Robbe | Handling of the wrong L0 Calorimeter calibration constants in 2016 data and simulation[END_REF], the transverse momenta (L0PhotonEt and L0MuonPt) used for the L0 decision does not correspond to the offline reconstructed gamma_PT and muplus_PT or muminus_PT. For the photon, this is due to the fact that at the L0 level, the energy is computed from 2 × 2 cells clusters while 3 × 3 clusters are used offline. The transverse energy is therefore larger offline (except for a negligible amount of events). To properly simulate the trigger cuts, we used the L0 values used for the trigger decision. As the global TIS decision also depends on these thresholds, TIS is decomposed as photon TIS, muon TIS and the rest. The thresholds can the be applied as described above. Note that the hadron trigger thresholds also varied during data taking, but the impact on the TIS decision efficiency is small. The efficiency is estimated step by step: this error is also simulated in the MC, a cross-check of the trigger efficiencies is needed.

The trigger efficiency can be measured directly on data using the TISTOS method [START_REF] Tolk | Data driven trigger efficiency determination at LHCb[END_REF]. The idea is basically to measure the TOS probability on the TIS sample (TIS and TOS were defined in section 4.2). Under the assumption that TIS and TOS efficiency are uncorrelated (which is true once the distribution of the decaying meson is unfolded), the TOS efficiency on the TIS sample is indeed equal to the global TOS efficiency.

To apply this method, trigger efficiency tables are extracted from data and convoluted using the simulated signal kinematics. B 0 s → φγ events are used to produce photon efficiency tables. For muon tables, the statistics of B 0 s → J/ψ η is unfortunately too small. Following the B 0 s → µ + µ -analysis, B + → J/ψ K + events are therefore used for muon and TIS estimations. Events are extracted from the stripping line Bs2MuMuLinesBu2JPsiKLine, the B + mass is fitted with a double sided Crystal Ball and an exponentially decreasing background and efficiencies are extracted using the sPlot method [START_REF] Pivk | sPlot: A statistical tool to unfold data distributions[END_REF].

To produce the photon and muon tables, events are required to pass the general 

TIS efficiency

For the TIS efficiency estimation, B + → J/ψ K + events are required to pass the global TOS requirement L0Global_TOS && Hlt1Phys_TOS && Hlt2Phys_TOS .

(8.16)

The 4 × 5 binning is then used to produce TIS efficiency tables. We are implicitly assuming here that the correlation between TIS and TOS are only due to the B kinematics. This is actually not the case, especially due to the reconstruction in the calorimeters. For example, a constraint on the number of hits in the SPD impacts both TIS and TOS decisions. On the other hand, as events are mainly triggered via the muons for which the absence of correlation has been tested [START_REF] Tolk | Data driven trigger efficiency determination at LHCb[END_REF], we neglect these additional correlations. The overall agreement between the datadriven and the simulated efficiency ensures that this approach is sensible and additional correlations are accounted for in the systemic uncertainty. The efficiency tables are shown in Fig. 8.7. The results of this L0 TIS efficiency estimation for the signal and normalization channels are given in Table 8.7.

The results of this TIS efficiency estimation for the signal and normalization channels are given in Table 8 explaining the larger disagreement in the TIS efficiency.

However, given the overall consistency between the MC estimation with simulated thresholds and the data-driven TISTOS method for the L0 efficiency, we s → µ + µ -γ simulated events. The difference in the shape is due to the cuts on the photon and the η in B 0 s → J/ψ η events.

used the former in the estimation of the normalization constants. We also considered that given the fair agreement for the L0 trigger, Hlt1 and Hlt2 efficiency can be computed on simulated samples (correcting again the thresholds). 8.12: Per bin efficiency of the trigger requirements eqs. (5.2), (5.3) and (5.4), measured on weighted simulation and average on the TCK configurations. Note that the final statistical error is not the sum in quadrature of each trigger level error because the latter are fully correlated.
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Systematic uncertainties and expected sensitivity

The tools developed in the previous chapters allows us to estimate the expected sensitivity of this analysis. These tools are however subject to systematics uncertainties that diminish the effectiveness of the overall analysis. In section 9.1, the sources of such uncertainties are scrutinize. This allows us to accurately estimate the normalization factor in section 9.2 and the sensitivity to signal events in section 9.3.

Systematic uncertainties

The methods used throughout this analysis are subject to systematic uncertainties. Although a partial cancellation of these uncertainties is expected in the ratio between signal and normalization yields, the imperfect resemblance between these two channels forces us to study these uncertainties carefully.

Stripping & Reconstruction

Simulated events are reconstructed with the same algorithm as for the reconstruction of data. This implies that background events appear in the simulated samples due to events that are wrongly reconstructed. An algorithm is used to match reconstructed events with true events. For each sample the following matching condition is required [START_REF] Belyaev | LoKi: Smart & Friendly C++ Physics Analysis Toolkit[END_REF]:

1. The reconstructed objects (µ, γ, B 0 s , K, . . . ) are correctly matched to the simulated ones (the Monte-Carlo identifier TRUEID corresponds to the particle identity).

3. If two particles come from the same grand-parent, their grand-parent should indeed be the same.

These conditions are strong enough to ensure that no background event remains in the simulated samples. On the other hand, some events are correctly reconstructed but wrongly matched because they fail any of the previous items. This can lead to an underestimation of the selection efficiencies. To estimate this effect, the mass distribution of events failing the truth matching requirement is fitted and the resulting number of events is considered as a systematic error on the number of true events in the MC sample. The fits are presented in Fig. 9.1 for 2016 events and the corresponding systematic uncertainties, computed separately for each year, are accounted for in the reconstruction efficiency (summarized in Table 5.8). This approach is conservative because peaking backgrounds can also be part of the Gaussian shape in Fig. 9.1 (as hinted by the difference between the width of the Gaussian fit and the signal width). As the main source of mismatched events is the tracking, we considered systematic effects for up and down polarities and summed them in quadrature.

A second error is due to the discrepancies between data and MC. As the signal MC sample is stripped, the weights computed in section 8.3, cannot be directly applied. We therefore generated a sample of 30000 unstripped signal events per year and measured the reconstruction and stripping efficiency on weighted events by comparing the weights of generated and reconstructed and stripped events. The difference obtained in the efficiency partially cancels in the ratio between signal and normalization and is therefore added as a systematic uncertainty on the ratio of efficiencies in section 9.2. The values obtained, 0.04 in 2016, 0.02 in 2017 and 0.02 in 2018, are found to be independent of the q 2 bin and small with respect to the first discussed systematic uncertainty.

Charged PID

A first systematic uncertainty is associated to the background subtraction method used in the calibration samples. As shown in Fig. 9.2 for J/ψ → µµ, the large statistics makes the fit robust, but discrepancies are visible on the tails and the peak of the distributions. Following the study performed for the B 0 s → µ + µ - analysis [START_REF] Archilli | Search for the B 0 → µ + µdecay and measurement of the B 0 s → µ + µbranching fraction and effective lifetime[END_REF], an uncertainty of 0.1% is considered.

A second systematic uncertainty is associated to the choice of the binning by varying the number and limits of the bins. After applying the whole procedure for 10, 15 and 20 bins for P and 5, 10 and 15 bins for nTracks, a conservative systematic uncertainty of 0.05% is considered.

Neutral PID

A first systematic uncertainty is associated to the fit and the sPlot method used to extract tables from η → µµγ decays. To do so we compared the efficiency of the PID cut on η → µµγ events by fitting the η mass before and after the cut, to
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Finally, the uncertainty due to the binning is estimated by varying the number of P, η and n(Long)Tracks bins. The uncertainty partially cancels in the ratio for B 0 s → µ + µ -γ events yielding a 0.05% uncertainty in 2016, and 0.03% in 2017 and 2018. The uncertainties are added in quadrature in Tables 9.4, 9.5 and 9.6. They are also considered independent of the q 2 bin.

MLPS and MLP

Discrepancies between data and simulation have two impacts on multivariate analysis. On one hand, training a multivariate analysis on an approximate simulation will decrease its capacity to recognize signal events. This lowers the multivariate analysis efficiency, but as far as the input variables are not correlated with the candidate mass distribution, this will not bias the final distribution. On the other hand, the multivariate analysis propagates the uncertainties attached to the input variables. This gives rise to a global systematic uncertainty on the efficiency of the multivariate analysis cut.

To evaluate the uncertainty on the cut efficiency of the MLPS and the MLP, the uncertainties computed in Table 8.3 are used. The MLP are then applied on MC where all variables have been shifted by their uncertainties, and the efficiency of the cuts are again estimated for the signal and the normalization channel. The difference of the ratio obtained with the shifted and the non-shifted MLPS are considered as (conservative) uncertainties. For the MLPS, the dependence of these uncertainties on the q 2 bin was found to be small so the same uncertainty is considered for every bins. The results are given in Table 9 9.1: Systematic uncertainty on the ratio of MLPS efficiencies due to discrepancies in the simulation. The uncertainty is the difference between the ratio of efficiencies of the cut on the shifted and the non-shifted MLPS.

For the MLP, the main source of uncertainty is due to the sensitivity of the output on the B transverse momentum. Although the B energy and pseudorapidity are used for the MC weighting, the different cuts applied on this variable for signal, normalization and control events prevents a better treatment of the transverse momentum. The 1.1% uncertainty measured on this variable via the comparison of its distribution in B 0 s → J/ψ η events is the main responsible for the shift of the MLP cut efficiency. Furthermore, as different cuts on the MLP output are considered for signal (0.7) and normalization (0.02), the cancellation of uncertainties in the ratio is less efficient than for the MLPS.
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The shifts obtained in the ratio between signal efficiency and normalization channel efficiency are summarized in Tables 9 9.3: Systematic uncertainties on the ratio of MLP efficiencies due to discrepancies in the simulation for each q 2 bin. The uncertainty is smaller in Bin II and III as the MLP cut is closer to the normalization one, ensuring a better cancellation of the uncertainties in the ratio.

Trigger

The two methods used to estimate the trigger efficiency (corrected simulation and TISTOS) showed slight disagreement. Although this disagreement is enhanced by limited control samples, we considered the difference in L0 efficiency as a systematic uncertainty. This difference (2.3%) is measured on 2016 MC and applied to each year and to all the q 2 bins. On the other hand, as the impact of the discrepancies between data and MC were already accounted for in the multivariate analysis efficiencies, we did not add an additional systematic uncertainty for the estimation of Hlt1 and Hlt2 efficiencies.

Fit model

The signal fit procedure is described in section 7.1.2. It is based on the assumption that the signal width is correctly reproduced in the MC. As this width is mainly due to the uncertainty on the photon energy (multiplied by a kinematic function), we can estimate the validity of this hypothesis on the control channel. From Table 8.2, we read that the relative difference in the width between data and MC

NORMALIZATION FACTOR

is (4.0 ± 0.9)%. We therefore varied the width in the fits following this uncertainty and considered the variation of the signal yield as a systematic uncertainty.

Normalization factor

Collecting all the efficiencies measured in the previous chapter and sections, the normalization factor can be extracted. We also computed the normalization factor in each q 2 bins: α Bin III = (0.72 ± 0.13 stat ± 0.04 syst ) × 10 -9 . (9.12)

f
Given these numbers, no significant excess is expected. The use of the CLs method will however allows, in a future work, to put a limit on B(B 0 s → µ + µ -γ).

Summary and Outlook

In spite of the arguments pointing toward NP at the TeV scale, direct searches, mainly held at the LHC, have only succeeded in pushing back the limits of validity of the SM. On the other hand, indirect measures offer some interesting hints of BSM physics. In particular, flavour physics is one of the most convenient fields to test a wide range of NP models.

The first part of this thesis was devoted to theoretical aspects. Motivated by the current status of measurements in b → s and b → c transitions, we performed several studies aiming at providing new observables or new methods, interpreting the current experimental measurements in term of effective theories and at building NP models. Our findings can be summarize as follows.

In Chapter 1, we scrutinized the rare and radiative decays B (s) → ( ) γ. The role of the photon in the final state was found to be manifold. By lifting the helicity factor, this additional particle enlarges the branching ratio of these decays. It also provides sensitivity to several operators that don't play role in the corresponding non-radiative decays. B (s) → ( ) γ are however challenging to predict and to measure. The main theoretical uncertainty on the decay branching ratio is due to the B → γ form-factors that encapsulate the non-perturbativity of the transition. Our conclusions were as follows:

1. The B (s) → γ branching ratios are dominated by light meson resonances, that are currently known experimentally and theoretically at 15% accuracy.

2. The uncertainty on the form-factor results in a 10% uncertainty on the highq 2 branching ratio. This uncertainty partially cancels in the ratio between two different leptonic final states which provide a stringent cross-check of R K ( * ) .

We then generalised this study to two suggestions for experimental measurements. An indirect measurement of the B 0 s → µ + µ -γ branching ratio can be performed by considering the pollution of this decay in the B 0 s → µ + µ -sample. This method will offer a precious cross-check of the direct analysis by probing a kinematic range hardly accessible by the full reconstruction. Finally, the interest of adding a photon in the final state also extends to LFV decays where it leads to an enhancement of several branching ratios.

In Chapter 2, we discussed the implication of b → s and b → c anomalies on model building. Although both sets of anomalies are related by the SU (2) symmetry of the SM, combined explanations are challenged by precision measurement of low-energy processes. Models based on leptoquarks are particularly appealing solutions to this issue because these shifts to low-energy observables are loop Conclusion suppressed. Focusing on b → s anomalies, we showed that an additional 'horizontal' symmetry acting on the second and third generations of fermions give another mechanism to achieve this suppression. Although the simplest model based on this symmetry is ruled out by charm meson mixing, a straight forward generalization accounts for all b → s anomalies while passing all other experimental constraints.

Chapter 3 addresses the interpretation of current experimental data in term of effective theories. These studies are performed below and above the electroweak scale and to take into account the running and mixing of the operators of the effective theories. Important conclusions are:

1. b → s transitions are still overall well explained in two scenarios, one with a shift to C 9 and one with C 9 = -C 10 . Due to the latest measurements of B 0 s → µ + µ -, the latter scenario is now favoured by the data. These scenarios however predict R K ≈ R K * , resulting in a small tension in data where R K > R K * is now measured.

2. This tension suggests the presence of a lepton-universal contribution to C 9 , that, if added to the fit, leads to a scenario with a pull of 6.5σ with respect to the SM.

3. This scenario gets a natural explanation above the EWSB. R K ( * ) can be accounted for by the operators [O LQ ] 3323 between the NP and the weak scale. As the latter also contributes to b → c anomalies, this scenario allows a combine explanation of both sets of discrepancies.

We then discussed a possible realisation of this scenario, namely a simplified model based on the U 1 leptoquark. To the best of our knowledge, this model satisfies all indirect constraints as well as direct searches. We also showed that usual UV completions of this model contains a Z that can play the role of DM portal. The link between B anomalies and DM was not unexpected because both puzzles have similar energy scales. Indeed we also showed that a composite DM model based on a hypercolour symmetry could also be linked to the model of the previous chapter.

From these studies we also conclude that the multitude of new analyses using the full Run II data set, as well as the Belle-II data set, will bring very valuable information in the near future. These measurements will not only allow to clarify the picture of flavour in the SM but should also impact much larger topics, ranging from high energy searches to DM phenomenology. Several research avenues, suggested in these chapters are also worth investigating. High-p T searches, indirect constraints or neutrino physics could for instance bring other valuable information for future models.

In the second part of this thesis, we presented the search for B 0 s → µ + µ -γ decays performed at LHCb. This analysis, being both rare and radiative, is not straightforward for LHCb, for several reasons.

Conclusion

1. The average transverse momentum of the photon is small compare to 'classical' radiative analysis (such as those of B 0 s → φγ, B 0 → K * γ, Λ 0 b → Λγ decays). This implies lower reconstruction and trigger efficiencies, larger backgrounds and larger signal widths.

2. The signal window is polluted by hardly reducible peaking backgrounds due to B 0 → µ + µ -π 0 decays.

3. The choice of a normalization channel is limited by the presence of muons and a photon in the final state. The choice of the B 0 s → J/ψ η decay leads to a difference in kinematics which imposes particular care in the cancellation of systematic uncertainties.

The analysis steps are guided by these challenges. In Chapter 5 we defined a dedicated stripping line constrained by the cut on the photon transverse momentum. We defined and tested the charged and neutral particles identification requirements. We developed a new method to diminish the background of resolved π 0 and η, and finally built a first selection based on the multivariate analysis of geometric variables.

Chapter 6 is devoted to a more subtle selection of events. This second selection is mainly based on the isolation of final state particles with respect to the rest of the event. The cuts on the two multivariate analysis selections are optimized together to maximize the efficiency of the whole selection process.

In Chapter 7, we reviewed the backgrounds that pollute the signal window and presented the fit procedure applied to the final sample. The stringent selection reduces the background to its combinatorial component and to channels containing merged π 0 .

Chapter 8 discussed the normalization and the control channels. These two channels allowed us to study the discrepancies between the data and the simulated samples. These discrepancies are partially corrected for by a weighting of the MC and the reminding deviations are accounted for as systematic uncertainties. The control channels also permitted a precise study of the trigger efficiency both by emulating the trigger configurations and with data-driven methods.

Finally, Chapter 9 collected all the systematic uncertainties of the analysis steps to predict the expected global sensitivity. The final fits and the corresponding limits on the B 0 s → µ + µ -γ branching ratio will appear in future works of the LHCb collaboration.

Apart from the indirect measurement discussed in the first part, this analysis can be improved in a few directions. The consideration of Run I dataset and the addition of a specific trigger line as planned for Run III, will certainly increase the sensitivity. Normalizing the signal yield to B 0 s → φγ or B 0 → K * 0 γ events in addition to B 0 s → J/ψ η ones will also drastically reduce the systematic uncertainty by lifting the uncertainty on the normalization branching ratio and by improving the cancellation of the other systematic uncertainties. Finally, a more refine study We note that eq. (A.11) implies T = T ⊥ + (p 2 -2(p • k)) g 0 , which yields the exact well-known relation T (0, 0) = T ⊥ (0, 0). At our best knowledge, no calculation of these form-factors, based on first principles, exists for the full q 2 range. On the other hand several regimes of the photon energy permit a general parametrization of these functions.

(i) In the region where the photon is hard, E γ Λ QCD , the use of QCD factorization and soft collinear effective field theory (SCET) allows for a systematic treatment of non-perturbative effects [START_REF] Beneke | B d,s → γ ¯ decay with an energetic photon[END_REF].

(ii) At large q 2 , one can assume the nearest pole dominance [397]. These poles correspond to the excited B s mesons, namely B * s for V ⊥ and T ⊥ and B * * s for V and T .

The parametrization eq. (1.15) associated to the parameters in Table 1.1 are consistent with these two regimes [START_REF] Kruger | Gauge invariance and form-factors for the decay B → γ +[END_REF].

A.3 The fermions in 4321 models

Among the different possibilities for implementing the SM fermions in a 4321 model, a well-motivated and phenomenologically successful variant corresponds to a unification of third-family quarks and leptons [START_REF] Bordone | Low-energy signatures of the PS 3 model: from B-physics anomalies to LFV[END_REF][START_REF] Bordone | A three-site gauge model for flavor hierarchies and flavor anomalies[END_REF][START_REF] Greljo | Third family quark-lepton unification at the TeV scale[END_REF][START_REF] Cornella | Revisiting the vector leptoquark explanation of the B-physics anomalies[END_REF][START_REF] Fuentes-Martín | Third-family quark-lepton unification with a fundamental composite Higgs[END_REF]. In this case, the first and second families of SM-like fermions transform under the SU (3) × SU (2) L × U (1) X subgroup of the 4321 symmetry like the usual SM fermions, whereas the third-family quarks and leptons are unified into Ψ 3 L ≡ (Q 3 L 3 ) , Ψ + 3 R ≡ (u 3 ν 3 ) , and Ψ -3 R ≡ (d 3 e 3 ) , which transform under the 4321 symmetry as shown in table A.1. Due to their quantum numbers, the light SM fermions cannot directly couple to the U 1 . However, small but nonvanishing couplings between the U 1 and light SM fermions are required to explain the B-meson anomalies. To realize this, we introduce two massive fermions that couple to the U 1 and mix with the left-handed first and second generation SM-like fermions. In addition to couplings between light fermions and the U 1 , whose sizes are controlled by the mixing, this construction also generates the 2-3 entries in the CKM matrix. The new heavy fermions transform in the same way as Ψ 3 L (cf. 
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 111 Figure 1.1: Short-distance diagrams contributing to the B0 s → µ + µ -γ process to lowest order. The black and the grey circles denote the insertion of the four-fermion operators O ( ) 9,10 and respectively of O ( ) 7. The form factors T ⊥, (q 2 , 0) and T ⊥, (0, q 2 ) describe the diagrams (a, b) and (c, d) respectively. Diagrams (e) and (f ) are described by the V ⊥, (q 2 ) form factors and diagrams (g) and (h) encode bremsstrahlung contributions, whose hadronic matrix elements are described by the B0 s decay constant.

  ) take into account diagrams (a, b) and (c, d) in Fig. (1.1).

Figure 1 . 2 :

 12 Figure 1.2: Long-distance diagrams contributing to the B0 s → µ + µ -γ process to lowest order. The empty square or circle denote the insertion of one of the four-quark operators in eq. (1.1) and, respectively, of the operator O 8 . The symbol ⊗ denotes all the possible ways of attaching an on-shell photon, with exclusion of bremsstrahlung.
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 14 Figure 1.4: Differential branching ratio for B 0 s → µ + µ -γ around the φ(1020) resonance, with (left panel) T B 0 s →φ 1 (0) from eq. (1.33), and with (right panel) the φ-peak region constrained from the present experimental measurement of B(B 0 s → φγ).

1 . 5 .

 15 Such spread, shown as a blue area, is too large to clearly resolve the C 9,10 shift required by the b → s experimental results. The effect of the latter shift is displayed by the red line in the same figure, and as shown, this line lies barely outside the blue area. On the other hand, form-factor uncertainties cancel to a large extent in r γ . In fact, the r γ variation due to these uncertainties is suppressed by powers of the difference (m 2 µ -m 2 e )/m 2 Bs . The residual theoretical uncertainty amounts to a relative error on r γ of at most 5%, 8 well below the size of the shifts to C ( ) 9,10 required by R K ( * ) . This point is illustrated in the bottom panel of Fig. 1.5.
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 616 Figure 1.6: Breakup of the full B 0s → µ + µ -γ spectrum (solid blue) -calculated in section 1.1.3, denoted as MN in the legend -into its pure ISR component (long-dashed blue), FSR one (medium-dashed blue), and ISR-FSR interference (dot-dashed blue). We also report the B 0 s → µ + µ -+ nγ spectrum in the soft-photon approximation (dotted orange) from Ref.[138], denoted as BGGI in the legend.
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 117 Figure 1.7: Fraction of the full B 0s → µ + µ -γ spectrum as a function of the chosen signalregion lower bound m ISR µµ = q 2 min , for the three scenarios discussed in the introduction and specified in the legend. See text for details.
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 18 Figure 1.8: Dimuon invariant mass distribution from LHCb's measurement of B(B 0 s→ µ + µ -)[START_REF] Aaij | Measurement of the B 0 s → µ + µbranching fraction and search for B 0 → µ + µdecays at the LHCb experiment[END_REF] overlayed with the contribution expected from B 0 s → µ + µ -γ decays (ISR only). Assumes flat efficiency versus m µ + µ -. The line denoted as 'B 0 s → µ + µ -γ NP' refers to the case with δC 9 = -δC 10 = -12% C SM
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 949110 Figure 1.10: B(B s → e ± µ ∓ γ) (blue, solid) and B(B 0s → e ± µ ∓ ) (orange, dashed) as a function of G vs. the product of U -matrix entries appearing in eq. (1.49), and denoted as U 4 . (See text for more details.) The gray area is excluded by the LHCb upper limit on the non-radiative decay[START_REF] Aaij | Search for the lepton-flavour violating decays B 0 (s) → e ± µ ∓[END_REF].
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 22 .1) would then amount to m ([15, 18] TeV) 2 , (2.30) and the correlation between the rotation β DL and the scale m G /g L is shown in the left panel of Fig. 2.1 7 . Form eqs. (2.27)-(2.29) one also learns that a non-zero value of β DL is needed to successfully explain R K ( * )

Figure 2 . 1 :

 21 Figure 2.1: Two relevant projections of the model parameter space within scenario 0. Gray points fulfil all constraints except C µµ 9,10 and x D . Light-blue points reproduce the values of C µµ 9,10 obtained in the fit to data at 1σ. The dashed line represents the 3σ upper bound on x D from ref. [221].

  2.2.
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 22 Figure 2.2: Colour code henceforth: grey points fulfil all constraints except C µµ 9,10 and x D ; light-blue points also fulfil C µµ 9,10 , but not x D ; dark-blue points fulfil all constraints. Left panel: R K vs. m G1 /g L as implied by eq. (2.35). Right panel: effective mass scale for the heavier among the G a bosons, as required by the x D constraint. The horizontal dashed line denotes the 3σ upper bound on x D [221].
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 23 Figure 2.3: Correlation between the two B(B → Kµτ ) modes within scenario 1. Colour code as in Fig. 2.2. Dashed lines denote the existing bounds on the respective modes[START_REF] Lees | A search for the decay modes B +-→ h +τ +l[END_REF], see text for details.

  .46) which is once again consistent with the constraint derived in eq. (2.30) from R K ( * ) . From the requirement that the b → s discrepancies are reproduced at 1σ, we obtain B(τ → µφ) as large as 5×10 -11 and, in general, model points mostly populating the range between 10 -15 and 10 -11 (see right panel of Fig.2.4). It is worth mentioning that the projected Belle-II sensitivity to this decay is around 10 -9[START_REF] Golob | Impact of Belle II on flavour physics[END_REF].In the parameter space of eq. (2.32), the above formula translate into a triple correlation between B(B → Kµ ± τ ∓ ), B(τ → 3µ) and B(τ → µφ), illustrated in the two plots of Fig. 2.4.
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 24 Figure 2.4: Left panel: correlation between B(B → Kτ ± µ ∓ ) and τ → 3µ. Right panel: correlation between τ → 3µ and τ → µφ. Colour code as in Fig. 2.2.

  νν induced by new physics are encoded in the Wilson coefficients δC ν i ν j L , which satisfy δC ν i ν j L = 2 δC i j 9 due to the different normalization between eqs. (1.2) and (2.51). Note that R νν = R * νν in our framework because of the absence of contributions to the right-handed counterpart of the operator O ν i ν j L [215]. By replacing eqs. (2.27)-(2.29) in eq. (2.52), we obtain
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 319 Figure 3.1: Likelihood contours of the global fit and several fits to subsets of observables (see text for details) in the plane of the WET Wilson coefficients C µµ 9 and C µµ 10 (left), and C µµ 9 and C µµ 9(right). Solid (dashed) contours include (exclude) the Moriond-2019 results for R K and R K * . As R K only constrains a single combination of Wilson coefficients in the right plot, its 1σ contour corresponds to ∆χ 2 = 1. For the other fits, 1 and 2σ contours correspond to ∆χ 2 ≈ 2.3 and 6.2, respectively.

9 and C µµ 9 .

 9 The scenario is shown in the right plot of Fig. 3.1. The best fit values for the Wilson coefficients are C µµ 9 -1.06 and C µµ 9 0.47. The ∆χ 2 = 6.4 corresponds to a pull of 6.0σ. Interestingly, in this scenario a nonzero C µµ 9 is preferred at the 2σ level. The right-handed quark current allows one to accommodate the current experimental results for the LFU ratios
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 329 Figure 3.2: Likelihood contours from NCLFU observables (R K ( * ) and D P 4,5 ), b → sµµ observables, and the global fit in the plane of a lepton flavour universal contribution to C univ. 9 ≡ C 9 , ∀ , and a muon-specific contribution to the linear combination C 9 = -C 10 (see text for details). Solid (dashed) contours include (exclude) the Moriond-2019 results for R K and R K * .

  .11) where Q i , and L i are the left-handed SU (2) L doublet quarks and leptons and e i are the right-handed lepton singlets, ϕ is the SM Higgs doublet, and σ a are the Pauli matrices. The operators discussed in sections 1.4 and 2.1.1 therefore correspond to a combination of [O (1,3) LQ ] ijkl . Eqs. (3.6) and (3.7) are the leptonuniversal generalizations of eq. (2.4), the minus sign being due to the definition of the operators. Equations (3.6) and (3.7) highlight the well-known fact that a LFU contribution to C 9,10 induced by the SMEFT coefficients [C (1,3) ϕQ ] 23 (yielding a flavour-changing

( 1 , 3 )

 13 LQ ] 2223 . In addition to the dominant [C[START_REF] Gell-Mann | The Eightfold Way: A Theory of strong interaction symmetry[END_REF][START_REF] Zweig | An SU(3) model for strong interaction symmetry and its breaking[END_REF] 
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 33 Figure 3.3: Diagrams inducing a contribution to C 9 through RG running above (left panel) and below (right panel) the EW scale. A sizeable contribution to C 9 is obtained when f = u 1,2 , d 1,2,3 or L 3 , see text for details.
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 119 Qu ] 2322 and [O (Qd ] 2333 is not strongly constrained, Exceptions can occur if one admits cancellations. An example is a scenario with [C (1,3) LQ ]2223 and [CQe]2322 of comparable size and like sign [249] thus cancelling each other in C µµ 10 and adding up in C µµ see Eqs. (3.6)-(3.7)). We note that this cancellation would need to occur at the m b scale, not at the matching scale. Such scenario gives effectively our C µµ 9 -only solution in Table 3.1.

)

  LQ ] 3323 , that can explain the hints for LFU violation in charged-current b → c transitions, can indeed induce a LFU effect in C 9 that goes in the right direction to solve the b → sµµ anomalies in branching ratios and angular observables. An additional contribution to [C[START_REF] Gell-Mann | The Eightfold Way: A Theory of strong interaction symmetry[END_REF][START_REF] Zweig | An SU(3) model for strong interaction symmetry and its breaking[END_REF] LQ ] 2223 of similar size can accommodate the deviations in R K and R K * . However, the linear combination [C[START_REF] Gell-Mann | The Eightfold Way: A Theory of strong interaction symmetry[END_REF] 
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 3 4 shows the likelihood contributions from R D ( * ) , NCLFU observables, b → sµµ observables, and the global likelihood in the space of the two Wilson co-LQ ] 2223 at the renormalization scale µ = 2 TeV. It is interesting to note that before the Moriond 2019 updates (indicated by the dashed contours), for a purely muonic solution with [C (1,3) LQ ] 3323 = 0 (corresponding to the vertical axis), the best-fit values for NCLFU and b → sµµ data were in perfect agreement with each other (even though R D ( * ) cannot be explained in this case). Including the R K ( * ) updates, the best-fit point of the NCLFU and b → sµµ data instead lies in the region with non-zero semitauonic Wilson coefficients, just as required to explain the R D ( * ) anomalies. In fact, the agreement between the 1σ regions for R K ( * ) & D P 4,5 , R D ( * ) , and b → sµµ improves compared to the case without the R K ( * ) updates. We note that a further improvement of the fit is achieved by taking into account the Moriond 2019 update of R D ( * ) by Belle [278, 279], which moves the 1σ region for R D ( * ) slightly closer to the SM value, exactly to the region where the contours of NCLFU and b → sµµ observables overlap. The best fit values in this scenario are [C (1,3) LQ ] 3323 = -5.0 × 10 -2 TeV -2 and [C (1,3) LQ ] 2223 = 3.9 × 10 -4 TeV -2 with a ∆χ 2 = 8.1 that corresponds to a pull of 7.8σ. The pull is considerably larger in the present scenario than in those discussed before since it can also explain discrepancies in b → c transitions. It is interesting to use the global fit in this scenario as the basis for predictions of several observables that are sensitive to the Wilson coefficients [C (1,3) LQ ] 3323 and
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 34 Figure 3.4: Likelihood contours from R D ( * ) , NCLFU observables (R K ( * ) and D P 4,5 ), and b → sµµ observables in the space of the two SMEFT Wilson coefficients [C (1) LQ ] 3323 = [C (3) LQ ] 3323 and [C (1) LQ ] 2223 = [C (3) LQ ] 2223 at 2 TeV. All other Wilson coefficients are assumed to vanish at 2 TeV. Solid (dashed) contours include (exclude) the Moriond-2019 results for R K , R K * , R D , and R D * . For sets of data that effectively constrain only a single Wilson coefficient (namely R D ( * ) and NCLFU observables), 1σ contours correspond to ∆χ 2 = 1. For the other data (b → sµµ and the global likelihood), 1 and 2σ contours correspond to ∆χ 2 ≈ 2.3 and 6.2, respectively.
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 135 Figure 3.5: Diagrams contributing to the matching of the U 1 leptoquark model onto the SMEFT operators O dB , O dW and O dG .
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 736 Figure 3.6: Likelihood contours from different observables in the space of the tauonic U 1 leptoquark couplings g 32 LQ and g 33 LQ at 2 TeV. The grey areas are excluded at the 2σ level. R D ( * ) data and leptonic τ decays select a well-defined region in the g 32 LQ versus g 33 LQ plane. For R D ( * ) , which only constrain one degree of freedom, 1σ contours correspond to ∆χ 2 = 1, while for others (the global likelihood, leptonic τ decays, B(B → X s γ)), 1 and 2σ contours correspond to ∆χ 2 ≈ 2.3 and 6.2, respectively. The dashed contour refers to pre-Moriond data of the corresponding solid contour.
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 32332222737 Figure 3.7:Likelihood contours from different observables in the space of the muonic U 1 leptoquark couplings g22 LQ and g 23 LQ at 2 TeV. Fits are shown for vanishing tauonic couplings g 32 LQ = 0, g 33 LQ = 0 (left) and at the benchmark point g 32 LQ = 0.6, g 33 LQ = 0.7 (right). The grey area is excluded at the 2σ level. For observables that only constrain one degree of freedom (here NCLFU and b → sµµ observables), 1σ contours correspond to ∆χ 2 = 1, while for the lepton flavour violating observables, the 2σ contour corresponds to ∆χ 2 ≈ 6.2. The dashed contours refers to pre-Moriond data of the corresponding solid contour.

RFigure 3 . 8 :

 38 Figure 3.8: Best fit region in the space of U 1 leptoquark mass M U and coupling β 23L (cf. eq.(3.22)). The green region is the preferred region from R D ( * ) , while the gray shaded area is excluded by leptonic tau decays at the 2σ level. The hatched areas are excluded by LHC searches recasted in[START_REF] Baker | Highp T signatures in vector-leptoquark models[END_REF].
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 12 AND DARK MATTER SU (3) and to the smallest non-trivial representation of SU (4), the fundamental 4 representation, which leads to DM ∼ (4, 1, N) 1/2 , N ∈ {1, 3, 5, . . . } (3.31) under the 4321 gauge group. After the 4321 symmetry breaking, the Ψ DM multiplet splits into the two components χ and ψ, which transform under the SM gauge group as χ ∼ (1, N) 0 , ψ ∼ (3, N) 2/3 , N ∈ {1, 3, 5, . . . }. (3.32)
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 39 Figure 3.9: Mass splitting between ψ and χ induced by the 4321 gauge bosons.
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 3101354310 Figure 3.10: Coloured rays fulfil the Ω 0 h 2 constraint within ±15%. The gray region corresponds to an on-shell intermediate U 1 leptoquark (see text for details).
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 311 Figure 3.11: The DM -nucleon cross section (see eq. (3.52)) as a function of g 4 for different choices of the mixing angle sin θ Q12 and v LQ = 3 TeV. See text for details.
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 23252313 Figure 3.13: DM constraints in the M χ vs. v LQ plane. Coloured rays fulfil the Ω 0 h 2 constraint within ±15%. Grey regions, with sin θ Q12 fixed at the displayed value, are excluded by Xenon1T [320].
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 314 Figure 3.14: Left panel: Present DM relic density as a function of v HC for the different fits in Table3.4. The thick horizontal gray line represents the measured value Ω 0 h 2 = 0.12. Right panel: estimate (see text for details) of the velocity-averaged DM-DM annihilation cross section into anything else, σ ann v , as a function of the DM mass, for the same fits as the left panel.
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 41 Figure 4.1: LHCb during Run I and II.
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 42 Figure 4.2: The different types of tracks in LHCb. The shape in the middle represents the magnet.
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 43 Figure 4.3: Lateral segmentation of the SPD/PS and ECAL (only one quarter of the detector front face is shown). The size of the cells in the Inner, Middle and Outer region are given for the ECAL. The black square corresponds to the empty region of the proton beam.
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 1234 If the event is triggered by the rest of the event (either coming from the decay of the other b quark, or from another collision), it is called Triggered Independent of Signal (TIS); THE LHCB DETECTOR AND THE B 0 S → µ + µ -

Figure 4 . 4 :

 44 Figure 4.4: Overview of the LHCb trigger system [355] in Run II.
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 553 Figure 5.3: Efficiency of the PID µ × IsMuon selection for muons of different energy (P), in different η region. The region are defined by the binning {1.5, 2.58, 3.05, 3.57, 5.5}. The bins are averaged over the number of tracks and the magnet polarity.

Figure 5 . 4 :

 54 Figure 5.4: Efficiency of the PID µ × IsMuon selection for pions of different energy (P), in different η regions. This corresponds to the π → µ mis-identification rate. The region are defined by the binning {1.5, 2.58, 3.05, 3.57, 5.5}. The bins are averaged over the number of tracks and the magnet polarity.
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 55 Figure 5.5: Efficiency of the PID µ × IsMuon selection for kaons of different energy (P), in different η regions. This corresponds to the K → µ mis-identification rate. The region are defined by the binning {1.5, 2.58, 3.05, 3.57, 5.5}. The bins are averaged over the number of tracks and the magnet polarity. Negative efficiencies are due to sPlot weights but are compatible with zero.
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 56 Figure 5.6: Efficiency of the PID µ × IsMuon selection for protons of different energy (P), in different η regions. This corresponds to the p → µ mis-identification rate. The region are defined by the binning {1.5, 2.58, 3.05, 3.57, 5.5}. The bins are averaged over the number of tracks and the magnet polarity. Negative efficiencies are due to sPlot weights but are compatible with zero.
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 57 Figure 5.7:Comparison of the distribution of the new veto variables for signal MC and data side-bands (left) and ROC curves of multivariate analysis trained between this two samples (right). Boosted (BDT) and gradient-boosted (BDTG) decision trees behave equally well. The blue dot on the ROC plot corresponds to the classical π 0 veto width for a mass window of 60 MeV. The plateau is due to events with no reconstructed π 0 nor η (here, 38% of events have n_pi0 = n_eta = 0, so the plateau extends from 0 to 0.38. These 38% are also visible on the last bins of the bottom plots on the left panel). These events cannot be tackled with these variables.

9

  These ranges correspond to [-1500 MeV, -200 MeV] and [200 MeV, 1500 MeV] around the B 0 s PDG mass.
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 11 
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 58 Figure 5.8: Results of the MLPS training for the 2016 sample. Similar results are obtained for 2017 and 2018. The best ROC curve (upper-left plot) was obtained with a Multi-Layer Perceptron (MLP). The upper-right plot on shows the correlations between the input variables for signal events. As shown in the lower-left plot, no overtraining is found in the MLPS output. The last plot shows the distribution of the multivariate analysis output for 2016 data side-bands for a MLPS trained on upper side-bands (blue curve), lower side-bands (red curve) and both side-bands (black curve) but applied to the whole sample. Training on both side-bands shows the best background rejection.

  .

Figure 5 . 9 :

 59 Figure 5.9: Figure of merit of the full selection process for different cut on the MLPS output.A cut of 0.25 on the MLPS output (i.e. an efficiency of 75% on signal) showed slightly better performances for the full classification procedure. Note that the overall normalization is arbitrary, as for this plot, the signal efficiency ε S in eq. (5.14) is restricted to the MLPS signal efficiency.

Figure 5 . 10 :

 510 Figure 5.10: Distribution of the output of the MLPS for signal (upper left), B 0 s → φγ (upper right), B 0 s → J/ψ η (bottom left and right) simulations. The signal is flat by construction, B 0s → φγ are favoured by the MLPS (peak at 1) thanks to their energetic photon. For B 0 s → J/ψ η, the first plots shows the MLPS output as computed on the muons and one photon, while the second plots shows the maximum of the MLPS computed on each photon (see text for details).
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 61 Figure 6.1: Projection of η -φ cones of angle 1 rad on the ECAL. Three cones are shown in the three different regions of the ECAL (sketched by the red rectangles, see Fig. 4.3).

Figure 6 . 2 :

 62 Figure 6.2: Muon isolation variables based on Long (top) and Velo (bottom) tracks for B 0s → J/ψ η MC and data events. Note that these variables come from the output of a multi-variable classifier, hence negative values should not be interpreted as a "negative isolation".

Figure 6 . 3 :

 63 Figure 6.3: Results of the MLP training for the 2016 sample. Similar results are obtained for 2017 and 2018. The best ROC curve (upper-left plot) was obtained with a Multi-Layer Perceptron (MLP).The upper-right plot on shows the correlations between the input variables for signal events. As shown in the lower-left plot, no overtraining is found in the MLP output. The last plot shows the distribution of the multivariate analysis output for 2016 data side-bands for a MLP trained on upper side-bands (blue curve), lower side-bands (red curve) and both side-bands (black curve) but applied to the whole sample. Training on both side-bands shows the best background rejection.
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 6465 Figure 6.4: Figure of merit for the signal as defined in Eq. (5.14) for different cut on the MLP output. The uncertainties on the MLP FoM are due to the uncertainties in the exponential fit of the background. Note that the overall normalization is arbitrary, as for this plot, the signal efficiency ε S in Eq. (5.14) is restricted to the MLP signal efficiency. The cut MLP > 0.7 gives the best results.
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 66 Figure 6.6: Evolution of the mean MLP output computed on faked combinatorial background with respect to the B 0 s mass. The faked combinatorial background is obtained by flipping (left) or trading (right) the photon of the event. The absence of peak ensures that the MLP cannot reconstruct the B 0 s mass from its input variables.
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 7172 Figure 7.1: Double sided Crystal Ball fit of the B 0 s candidate mass for signal simulations in 2016 (top), 2017 (middle) and 2018 (bottom). Results of the fits are displayed on Table 7.1.

Figure 7 . 3 : 1 ( 7 . 9 ± 2 ( 4 . 5 ± 1 . 8 ) 2 σ 2 ( 4 . 1 ±

 73179245182241 Figure 7.3: Relative error in the reconstruction of the hadrons momentum for kaons (left) and pions (right) passing the IsMuon algorithm. The distributions are fitted with the sum of two Gaussian distributions.
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 8 Figure 8.2: Cross-check fit for the normalization channel B 0 s → J/ψ η. The fit is performed in two steps (see the text for details) on 2016, 2017 and 2018 data (5.57/fb). The yields and parameters are given in Table 8.1.

Figure 8 . 3 :

 83 Figure 8.3: Fit of B 0s → φγ events using 5.57/fb of data. The parameter of the fit are displayed in Table8.2. SWeights are extracted from the fit and used to compare data and MC. The partially reconstructed background is due to B → φγK decays.

Figure 8 . 4 :

 84 Figure 8.4: Distribution of the variables used for the MC weighting and extracted from B 0s → φγ events. The correction on the number of long tracks improves the distribution of variables correlated to the multiplicity in the event. Correcting on the B candidate energy and pseudo-rapidity mainly improves those of other geometrical variables. The weighting is performed using a GradBoost weighting, see text for details.
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  .2) is kept for 2018 and modified for 2016 and 2017 to L02016 = (L0Muon && L0MuonPt > 1850 MeV) || (L0Photon && L0PhotonEt > 2784 MeV) ; (8.14) L02017 = (L0Muon && L0MuonPt > 1450 MeV) || (L0Photon && L0PhotonEt > 2472 MeV) . (8.15)
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 85 Figure 8.5: L0Muon trigger efficiency tables extracted from the muon with the largest transverse momentum in B + → J/ψ K + 2016 (top left), 2017 (top right) and 2018 (bottom) events. An average is taken over the B kinematics.
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 87 Figure 8.7: L0Global TIS efficiency tables extracted from B + → J/ψ K + 2016 (top left), 2017 (top right) and 2018 (bottom) events.

Figure 8 . 8 :

 88 Figure 8.8: Normalized B 0 s transverse momentum distributions for B 0 s → J/ψ η and B 0s → µ + µ -γ simulated events. The difference in the shape is due to the cuts on the photon and the η in B 0 s → J/ψ η events.
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 91 Figure 9.1: Invariant mass distribution of events failing the MCTruth requirement for B 0 s → µ + µ -γ, B 0 s → J/ψ η and B 0 s → φγ 2016 simulated samples. The signal events are fitted with a Gaussian and the background is model by a exponential or a polynomial distribution.
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 3 LQ ] 2223 while the universal C 9 shift is obtained by the running of the effective operators [O[START_REF] Gell-Mann | The Eightfold Way: A Theory of strong interaction symmetry[END_REF][START_REF] Zweig | An SU(3) model for strong interaction symmetry and its breaking[END_REF] 
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 3 THE FERMIONS IN 4321 MODELSwe get the parametrization used in eq. (1.13),γ(k, ε)|s γ µ γ 5 b| B0 s (p) M B 0 s = -ie ε α * (g µα (p • k) -p α k µ ) V (q 2 ) , γ(k, ε)|s γ µ b| B0 s (p) M B 0 s = -e ε α * ε µαρσ p ρ k σ V ⊥ (q 2 ) , γ * (k, α)|s σ µν γ 5 b| B0 s (p) (p -k) ν = -e ε α * (g µα (p • k) -p α k µ ) T (q 2 , k 2 ) , γ * (k, α)|s σ µν b| B0 s (p) (p -k) ν = -ie ε α * ε µαρσ p ρ k σ T ⊥ (q 2 , k 2 ) .
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 35 Figure B.3: Figure of merit of B 0s → µ + µ -γ events as defined in Eq.(5.14) for different cuts on the MLP output and for the three different bins (up left for Bin I, up right for Bin II and bottom for Bin III). The error on the MLP FoM are mainly due to the uncertainties in the exponential fit of the background. Note that the overall normalization is arbitrary, as for this plot, the signal efficiency ε S in Eq. (5.14) is restricted to the MLP signal efficiency.
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 689 Figure B.6: Data vs. simulated distributions for B 0s → φγ events. The main source of discrepancies is due to the tracking of the kaons.
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 11 Figure B.11:L0Muon trigger efficiency tables computed on B → J/ψ K events using the TISTOS method. The upper left plot is averaged over the B kinematics. The five following plots are computed on B P T bins (see 8.4 for details and the edge of the bins.) Bins with low statistics (compatible with zero at 2 sigma) are removed for readability.

Table 1

 1 

	Parameter	V ⊥	V	T ⊥	T
	β [GeV -1 ]	0.28	0.30	0.26	0.33
	∆ [GeV]	0.04	0.04	0.30	0.30

.1. The treatment of T ⊥, (0, k 2 ) is complicated by the presence of meson states at

Table 1 .

 1 

1: B → γ form factor parameters for the parametrization eq. (1.15), computed in

Table 1 . 2 :

 12 Values used for the numerical evaluation of B(B 0 s

1.2. THEORETICAL ERROR
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1.4. B (s) → γ AS A TEST FOR NEW PHYSICS that

  decrease in magnitude with the distance from the diagonal. But then one may expect the ratio |U L33 /U L32 | > 1, implying a B → Kµτ rate of O(10 -8 

			) or
	above. In short, assuming the interaction (1.42), one can hope that at least one
	LFV B → K decay rate be in the ballpark of 10 -8 [172], which is in principle
	within reach at LHCb's Run II. An analogous reasoning applies for the purely
	leptonic modes B 0 s → ± i	∓ j . Similarly as eq. (1.47) one obtains
			-8 ,
	or much less if |U L31 /U L32 |	1. The latter possibility would suggest U L entries

  this feature, which is a consequence of the underlying SU (2) h symmetry, the strong experimental constraints R * νν < 2.7[START_REF] Buras | B → K ( * ) νν decays in the Standard Model and beyond[END_REF][START_REF] Grygier | Search for B → hν ν decays with semileptonic tagging at Belle[END_REF] do not pose, within our model, a challenge in the description of b → s anomalies. More quantitatively, using eq. (2.32) the R exp νν constraint can be translated into the bound m 2

	g 2 L	G 1,2 1 + cos 2 2β D	≥ (3.8 TeV) 2 ,	(2.54)

much weaker than the constraint derived in eq.

(2.30)

. Note that the dependence on β L disappears because of the sum over all neutrino species.

  Let us first focus on scenarios where only one NP Wilson coefficient (or a single linear combination motivated by UV scenarios) is non-zero. The best-fit values, 1 and 2σ ranges, and pulls for several such scenarios are listed in Table3.1.1 

	Coeff.		1σ	2σ	pull
	C µµ 9		-0.97 +0.16 -0.15	[-1.27, -0.65]	5.9σ
	C µµ 9		0.14 +0.18 -0.17	[-0.20, +0.51]	0.8σ
	C µµ 10		0.75 +0.14 -0.13	[+0.48, +1.03]	5.7σ
	C µµ 10		-0.24 +0.12 -0.12	[-0.49, +0.00]	2.0σ
	C µµ 9 = C µµ 10		0.20 +0.16 -0.14	[-0.09, +0.52]	1.4σ
	C µµ 9 = -C µµ 10		-0.53 +0.08 -0.08	[-0.69, -0.37]	6.6σ
	C ee 9		0.93 +0.24 -0.27	[+0.40, +1.42]	3.5σ
	C ee 9		0.39 +0.26 -0.34	[-0.27, +0.95]	1.2σ
	C ee 10		-0.83 +0.23 -0.22	[-1.28, -0.37]	3.6σ
	C ee 10		-0.27 +0.25 -0.30	[-0.84, +0.26]	1.1σ
	C ee 9 = C ee 10		-1.49 +0.31 -0.30	[-2.05, -0.79]	3.2σ
	C ee 9 = -C ee 10		0.47 +0.12 -0.14	[+0.20, +0.73]	3.5σ
	(C µµ S = -C µµ P ) × GeV	-0.006 +0.003 -0.003	[-0.014, -0.001]	2.8σ
	C µµ S = C µµ P	× GeV	-0.006 +0.003 -0.003	[-0.014, -0.001]	2.8σ

Table 3 .1: Best

 3 

-fit values, 1 and 2σ ranges, and pulls between the best-fit point and the SM point for scenarios with NP in a single Wilson coefficient (or Wilson coefficient combination).

Table 3 .

 3 

2: Predictions for LFU ratios, angular observables, and branching ratios in B and B s decays from the global likelihood in the space of SMEFT Wilson coefficients [C

Table 3 . 3

 33 2 -sin 2 θ 41 cos 2 θ 41

	u i	-sin 2 θ 43	cos 2 θ 43	-4 sin 2 θ 41	1 -4 sin 2 θ 41
	d i	-sin 2 θ 43	cos 2 θ 43	2 sin 2 θ 41	1 + 2 sin 2 θ 41
	L i			sin 2 θ L 1,2 -sin 2 θ 41	cos 2 θ 41
	e i			-2 sin 2 θ 41	1 -2 sin 2 θ 41
	ν i				1
	ψ	cos 2 θ 43		1 -4 sin 2 θ 41
	χ			1	

: Constants κ and ξ entering the couplings of fermions to G and Z .

Table 3 . 4 :

 34 Fit parameters describing experimental data on nucleon-antinucleon annihilation. All dimensionful parameters in[START_REF] Astrua | Antineutron nucleus annihilation cross-sections below 400-MeV/c[END_REF][START_REF] Kalogeropoulos | TOTAL AND PARTIAL ANTI-P D CROSS-SECTIONS FROM 0.26-GEV/C TO 0.47-GEV/C[END_REF][START_REF] Brückner | Search for a Narrow Resonance in Anti-proton -Proton Annihilation Cross-sections in the Beam Momentum Range Between 400-{MeV}/c and 600-{MeV}/c[END_REF][START_REF] Lowenstein | Search for narrow structure in proton-antiproton annihilation cross sections from 1900 to 1960 MeV[END_REF] have been expressed in units of m p such that the coefficients A, B, and C used here are dimensionless.

	Fit	Ref.	N N p lab [GeV]	A	B	C
	1	[341]	pp	[0.26, 0.47]	86	84	0
	2	[342]	pp	[0.40, 0.60]	66.5 ± 4.1	77.1 ± 2.2	0
	3	[343]	pp	[1.90, 1.96]	19.2 ± 5.7	98.1 ± 3.1	0
	4	[341, 344] np [0.26, 0.47]	63	63	0
	5	[340]	N n [0.05, 0.40] 150.4 ± 6.8 48.0 ± 2.2	0
	6	[340]	N n [0.05, 0.40] 199.9 ± 10.6 23.9 ± 4.1 2.5 ± 0.4

.

[START_REF] Zweig | An SU(3) model for strong interaction symmetry and its breaking[END_REF]

. In most fits, the coefficient C is set to 0. A non-zero C can provide a slightly better fit at p lab around 75 MeV

[START_REF] Astrua | Antineutron nucleus annihilation cross-sections below 400-MeV/c[END_REF]

, corresponding to v ∼ 10 -1 .

Table 4 . 1 :

 41 Required stations with hits in the FoI for the IsMuon criteria depending on the tracks momentum.

THE LHCB DETECTOR AND THE B 0 S → µ + µ -γ ANALYSIS

  

	Year Integrated Luminosity (fb -1 ) Reco Version Stripping Version
	2016	1.67	16	28r1p1
	2017	1.71	17	29r2
	2018	2.19	18	34

γγ) decays and CHAPTER 4.

Table 4 . 2 :

 42 Integrated luminosities and versions of the reconstruction software and the stripping used for each year.

  .3.

	Bin	I	II	III
	10 10 × B(B 0 s → µ + µ -γ)	82 ± 15	2.54 ± 0.34	9.1 ± 1.1
	Fraction of B 0 s → µ + µ -γ events	87%	2.7%	9.8%

Table 4 .3:

 4 

B 0 S → µ + µ -γ ANALYSIS

  

	Decay	DecFile Year Sim Reco	TCK	Stripping Events
			2016 09c	16	0x6138160f	28r1p1	600k*
	B 0 s → µ + µ -γ	13112203	2017 09h	17	0x62661709	29r2	1200k*
			2018 09h	18	0x617d18a4	34	1500k*
	B 0 s → J/ψ η (µµ)(γγ)	13142401 2016 09b	16	0x6138160f	28	2M
			2016 09c	16	0x6138160f	28r1	4M
	B 0 s → φγ (Kπ)	13102202	2017 09f	17	0x62661709	29r2	4M
			2018 09f	18	0x617d18a4	34	4M
			2016 09b	16	0x6138160f	26	2M
	B 0 → µ + µ -π 0 (γγ)	11112401	2017 09h	17	0x62661709	29r2	2M
			2018 09h	18	0x617d18a4	34	2M
		11102201 2016 09b	16	0x6138160f	28	2M
	B 0 → K * 0 γ (Kπ)	11102202	2017 09f 2018 09f	17 18	0x62661709 0x617d18a4	29r2 34	4M 4M
	B + → J/ψ ηK + (µµ)(γγ) 12243402 2016 09c	16	0x6138160f	28r1	1M
	B + → φγK + (Kπ)	12103202 2016 09c	16	0x6138160f	28r1	1M

Table 4 . 4 :

 44 Samples simulated for the analysis. All candidates are required to have their children particles in the LHCb angular acceptance. The star means that the MC was stripped, which means that only the candidates that passed the stripping line are saved.

	5 Signal Selection

Contents 6.1 Photon isolation . . . . . . . . . . . . . . . . . . . . . 157 6.2 Tracks isolations . . . . . . . . . . . . . . . . . . . . . 158 6.2.1 Tracks isolation variables in the B 0 s → µ + µ -analysis . . 159 6.2.2 Performance of the track isolation variables on data . . 160

Table 5 . 1 :

 51 Efficiency of the acceptance cuts measured on MC production (Simulation Table) for up and down magnet polarity. The quoted error is purely statistical. ± 0.32 20.06 ± 0.29 20.13 ± 0.28 2017 22.73 ± 0.32 20.31 ± 0.29 19.56 ± 0.28 B 0

	Decay	Year	ε Acc Bin I [%]	ε Acc Bin II [%]	ε Acc Bin III [%]
		2016 22.81		

s → µ + µ -γ 2018 22.20 ± 0.32 20.13 ± 0.29 19.79 ± 0.28

Table 5 . 2

 52 

: Efficiency of B 0

  ).

	Line	2016	2017	2018
	L0Muon	68.3%	75.3%	69.5%
	L0DiMuon	38.6%	40.5%	34.4%
	L0Photon	29.8%	29.2%	24.1%
	|| of these lines	81.2%	85.2%	79.6%
	L0Global	89.5%	91.7%	87.2%
	Hlt1TrackMVA	74.6%	74.0%	75.1%
	Hlt1TwoTrackMVA	59.4%	59.1%	59.8%
	Hlt1TrackMuon	71.0%	74.9%	72.7%
	Hlt1DiMuonLowMass	63.6%	67.2%	65.2%
	|| of these lines	85.8%	87.2%	86.2%
	Hlt1Phys	98.7%	98.8%	98.7%
	Hlt2SingleMuon	57.1%	60.8%	58.5%
	Hlt2TopoMuMu2Body	60.8%	60.4%	62.4%
	Hlt2SingleMuonLowPT	21.6%	21.2%	21.9%
	|| of these lines	75.7%	77.5%	77.0%
	Hlt2Phys	85.7%	91.3%	92.2%

Table 5 . 3 :

 53 Most efficient trigger lines for B 0 s

Table 5 . 4 :

 54 Requirement of the stripping line Bs2MuMuGammaLine. ∆m stands for the absolute value of the difference between the mass of the candidate and the B 0 s PDG mass[START_REF] Tanabashi | Review of particle physics[END_REF]. A veto is applied on the dimuon mass, m(µµ), to exclude charmonium resonances.

			Value
	γ	p T CL	> 1000 MeV > 0.2
		p T	> 250 MeV
		track χ 2 /ndf	< 3
	µ's	track IP χ 2 track Ghost Prob	> 9 < 0.4
		doca	< 0.5 mm
		m(µµ)	∈ [2880, 3920] MeV
		p T	> 500 MeV
		dira	> 0.995
	B 0 s	∆m	< 1500 MeV
		PV IP χ 2	< 20
		End Vertex χ 2	< 15

  and precisely measured in section 8.4.

	Line	2016
	L0Muon	81.4%
	L0DiMuon	52.4%
	L0Photon	21.1%
	|| of these lines	86.4%
	L0Global	88.3%
	Hlt1TrackMVA	87.4%
	Hlt1TwoTrackMVA	69.0%
	Hlt1TrackMuon	85.3%
	Hlt1DiMuonLowMass	82.5%
	|| of these lines	94.8%
	Hlt1Phys	99.5%
	Hlt2DiMuonDetachedJPsi	99.8%
	Hlt2Phys	100%

Table 5 . 7 :

 57 Selection requirements for the control channel B 0 s → φγ. The cuts are a combination of those of the stripping line Beauty2XGammaExclusiveBs2PhiGammaLine and the ones applied to signal.

		Cut	Value
	γ	p T CL	> 2500 MeV > 0.2
		p T	> 500 MeV
		E	> 3000 MeV
	K's	track χ 2 /ndf track IP χ 2	< 3 > 16
		track Ghost Prob	< 0.4
		doca	< 0.5 mm
		Vertex χ 2 /ndf	< 9
	φ	∆m	< 15 MeV
		tracks p T	> 1500 MeV
		p T	> 2000 MeV
		tracks p T	> 3000 MeV
	B 0 s	dira ∆m	> 0.995 < 1500 MeV
		PV IP χ 2	< 9
		End Vertex χ 2	< 9

  Year ε

		Strip & Reco|Acc Down	[%] ε	Strip & Reco|Acc Up	[%] ε Strip & Reco|Acc [%]
		2016 11.21 ± 0.02 ± 0.13 11.18 ± 0.02 ± 0.09 11.19 ± 0.03 ± 0.16
	B 0 s → µ + µ -γ	2017 11.23 ± 0.02 ± 0.05 11.21 ± 0.02 ± 0.06 11.22 ± 0.03 ± 0.08
		2018 11.21 ± 0.02 ± 0.06 11.20 ± 0.02 ± 0.06 11.20 ± 0.03 ± 0.08
	B 0 s → J/ψ η	2016 3.54 ± 0.02 ± 0.06	3.58 ± 0.02 ± 0.06	3.56 ± 0.03 ± 0.08
		2016 5.68 ± 0.02 ± 0.18	5.67 ± 0.02 ± 0.19	5.67 ± 0.03 ± 0.25
	B 0 s → φγ	2017 5.57 ± 0.02 ± 0.17	5.59 ± 0.02 ± 0.18	5.58 ± 0.03 ± 0.24
		2018 5.56 ± 0.02 ± 0.18	5.57 ± 0.02 ± 0.18	5.56 ± 0.03 ± 0.25

Table 5 .8:
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Table 5 . 10 :

 510 Year ε PID|Strip (PIDCalib) ε PID|Strip (MC) 2016 (85.84 ± 0.15 stat ± 0.15 syst )% (88.84 ± 0.14 stat )% 2017 (85.72 ± 0.12 stat ± 0.15 syst )% (89.37 ± 0.10 stat )% B 0 s → µ + µ -γ 2018 (88.83 ± 0.23 stat ± 0.15 syst )% (89.42 ± 0.09 stat )% 2016 (90.37 ± 0.41 stat ± 0.15 syst )% (96.08 ± 0.41 stat )% 2017 (90.30 ± 0.41 stat ± 0.15 syst )% -B 0 s → J/ψ η 2018 (91.73 ± 0.41 stat ± 0.15 syst )% -Efficiency of the PID µ × IsMuon requirement as computed from weighted MC kinematics and single particle efficiencies estimated on data (PIDCalib) and using MC simulated ProbNN variables (MC). The quoted error contains the statistical uncertainty from signal and calibration samples and the systematic uncertainty from binning, background subtraction and weighting procedures. For the normalization channel, only 2016 MC is used. Although the global statistics of the 2018 sample is larger, some bins are less populated than for 2017 and 2016 yielding a larger statistical error.

Table 5 . 11 :

 511 Efficiency of the neutral PID requirements CL eq. (

		Year	ε NeutralPID|Strip [%] Calib MC	Ratio
		2016	88.06 ± 1.62	89.75 ± 1.13	0.981 ± 0.022 stat
	B 0 s → µ + µ -γ	2017	88.92 ± 0.60	89.93 ± 0.72	0.989 ± 0.010 stat
		2018	88.81 ± 0.39	89.78 ± 0.61	0.989 ± 0.008 stat
		2016	81.66 ± 1.79	84.79 ± 0.66	0.963 ± 0.022 stat
	B 0 s → J/ψ η	2017	83.81 ± 0.55	-	0.988 ± 0.010 stat
		2018	83.63 ± 0.36	-	0.986 ± 0.009 stat

  ± 1.64 89.78 ± 1.12 0.979 ± 0.022 stat II 88.49 ± 1.52 89.74 ± 1.17 0.986 ± 0.021 stat III 91.33 ± 1.07 88.63 ± 1.44 1.030 ± 0.021 stat 2017 I 88.77 ± 0.61 89.95 ± 0.71 0.987 ± 0.010 stat II 89.43 ± 0.54 89.94 ± 0.82 0.994 ± 0.011 stat III 92.66 ± 0.66 89.09 ± 0.92 1.040 ± 0.013 stat 2018 I 88.68 ± 0.40 89.83 ± 0.61 0.987 ± 0.007 stat II 89.29 ± 0.36 89.78 ± 0.88 0.995 ± 0.011 stat III 92.53 ± 0.19 88.84 ± 1.02 1.042 ± 0.012 stat

	2016 87.93 Table I

Table 5 . 13 :

 513 and 5.14. Efficiency of the MLPS cut on signal, normalization and control channels.

	Decay	Year ε MLPS|Strip&Reco [%]
		2016	75.00 ± 0.13 stat
	B 0 s → µ + µ -γ	2017	75.00 ± 0.10 stat
		2018	75.00 ± 0.09 stat
	B 0 s → J/ψ η	2016	70.96 ± 0.36 stat
		2016	96.31 ± 0.22 stat
	B 0 s → φγ	2017	97.36 ± 0.21 stat
		2018	96.43 ± 0.22 stat

Table 5 . 14 :

 514 2016 76.29 ± 0.16 stat 70.04 ± 0.79 stat 50.00 ± 0.61 stat 2017 76.41 ± 0.11 stat 69.13 ± 0.66 stat 42.14 ± 0.43 stat 2018 76.43 ± 0.11 stat 70.05 ± 0.62 stat 42.60 ± 0.39 stat Efficiency of the MLPS cut MLPS> 0.25 on signal events for each q 2 bin.

Table 6 . 1 :

 61 1 and MLP> 0.075 is found for Bin III. The FoM are displayed in Appendix, see Fig. B.3. The efficiency of the MLP cut is measured on weighted simulation. The result is presented in Tables 6.1 and 6.2. Efficiency of the optimal cut MLP> 0.7 on signal and the loose cut MLP> 0.02 on the normalization channel. + µ -γ 2016 31.40 ± 0.11 stat 38.34 ± 0.81 stat 50.50 ± 0.96 stat 2017 31.34 ± 0.08 stat 40.39 ± 0.61 stat 50.75 ± 0.73 stat 2018 31.38 ± 0.08 stat 36.90 ± 0.53 stat 51.52 ± 0.73 stat

		Decay	Year ε MLP|Sel & Trig & PID [%]	
			2016	30.00 ± 0.10 stat	
		B 0 s → µ + µ -γ	2017	30.00 ± 0.07 stat	
			2018	30.00 ± 0.06 stat	
		B 0 s → J/ψ η	2016	92.52 ± 0.48 stat	
	Decay	Year	Bin I	ε MLP|Sel & Trig & PID [%] Bin II	Bin III
	B 0 s → µ				

Table 6 . 2 :

 62 Efficiency of the MLP cut on signal events for each q 2 bin. Note that the MLP cut differs in each bin, 0.7 in Bin I, 0.1 in Bin II and 0.075 in Bin III.

	6.3. GLOBAL MULTIVARIATE ANALYSIS
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Table 7 . 1 :

 71 Fit parameters for signal MC for each year and for a MVA cut of 0.7 (i.e. 30% efficiency on signal). n i , α i and σ will be used in the fit on data while µ will be left floating. The last row gives the parameters, fixed in the final fit, weighted by the luminosity.

	]

Table 7 . 3 :

 73 Effective PID efficiencies for double mis-identified decays in units of 10 -6 . The meson branching ratio is included in these numbers, e.g. for B 0 s → φγ the quoted number is

	.3 for each year of data-

Table 7 . 4 :

 74 Parameters of the double Gaussian fit of the hadron smearing. F is the fraction of events in the main Gaussian (with parameters (µ 1 , σ 1 )). (µ 2 , σ 2 ) define the second Gaussian and are used to smear the hadrons momentum.

Table 7 . 6 :

 76 Fit parameters obtain on simulated samples, see text for details. Effective mass refers to the µ parameter of the Crystal Ball distribution and to the upper bound of the Argus distribution. χ refers to the Argus parameter.

	Effective mass [MeV]	5249 ± 2	5267 ± 2
	Resolved χ	-	-6.3 ± 0.3
	Merged width [MeV]	91 ± 5	-
	Merged α r	1.602 ± 0.001	-
	Merged n r	9 ± 8	-
	Merged α l	0.703 ± 0.001	-
	Merged n l	3.71 ± 0.03	-

Table 7 .7:
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	BR	Global efficiency	Yield

2 :

 2 Cross-check fit for the normalization channel B 0 s → J/ψ η. The fit is performed in two steps (see the text for details) on 2016, 2017 and 2018 data (5.57/fb). The yields and parameters are given in Table8.1.

	Channel	Variable	Direct Fit	sWeighted Fit
		µ η [MeV]	-	542.9 ± 0.4
	η → γγ	σ η [MeV]	-	20.3 ± 0.4
		N η→γγ	-	6180 ± 120
		µ B 0 s [MeV]	5365.4 ± 0.8	5364.7 ± 0.7
		σ B 0 s [MeV]	35.4 ± 0.9	34.2 ± 0.6
	B 0 s → J/ψ η	N B 0 s →J/ψ η	5600 ± 100	5530 ± 80
		N B 0 →J/ψ η	727 ± 70	620 ± 40
		N B 0 →ψ(2S)η	< 100	28 ± 5

Table 8 . 1 :

 81 Results of the normalization channel fit on 2016, 2017 and 2018 data (5.57/fb).

Table 8 . 2 :

 82 Results of the control channel fit on 2016, 2017 and 2018 data (5.57/fb) and MC simulation. The MVA cut is fixed at 0.1.

	MC-data discrepancies are studied by comparing background-subtracted data and
	simulation distributions. As neither B 0 s → φγ nor B 0 s → J/ψ η completely repro-duces B 0 s → µ + µ -γ kinematics, we use both samples to study the discrepancies.
	This double-check yields the following conclusions, all the comparison plots being
	shown in Appendix B.5:
	• As expected, global variables discrepancies are visible and consistent for
	B 0 s → φγ and B 0 s → J/ψ η. The number of tracks, long tracks and hits in

Table 8 . 3 :

 83 Variables uncertainties computed by comparing sPlotted data and weighted MC distributions for the control and the normalization channels. As the distributions are similar, the values correspond to the relative difference of the mean of the distributions ((µ data -µ MC )/µ MC ) and the quoted error is due to the limited statistics of the data sample. For CosP and the muon isolations, the absolute error is used as the distributions are centred on zero and the relative error has no physical interpretation.

Table 8 . 5 :

 85 L0 and Hlt1 configurations used during 2017 data taking and the corresponding luminosities. Signal MC was simulated using TCK 0x62661709, equivalent to 0x11611709, in bold in the table.

Table 8 . 8 :

 88 .9. L0P efficiency computed on efficiency tables (first column). The first error is due to the MC statistics while the second one is due to the trigger tables statistics. The second column is the simulated efficiency. The events are required to pass the cut MLPS > 0.25. For B 0 s → J/ψ η, the MC efficiency is computed on 2016 MC only.

	CHAPTER 8. NORMALIZATION AND CONTROL CHANNELS,
	WEIGHTING AND TRIGGER EFFICIENCIES
	Decay	Year	L0P Efficiency [%] Data Weighted MC
		2016 11.09 ± 0.06 ± 1.65 13.11 ± 0.06
	B 0 s → µ + µ -γ	2017 10.42 ± 0.04 ± 1.12 10.25 ± 0.04
		2018 11.07 ± 0.04 ± 1.24 10.12 ± 0.03
		2016 5.50 ± 0.08 ± 0.66	5.14 ± 0.11
	B 0 s → J/ψ η	2017 5.26 ± 0.08 ± 0.60	-
		2018 5.47 ± 0.08 ± 0.63	-

8.4. RATIOS OF TRIGGER EFFICIENCY

  

	Decay	Year	L0TIS Efficiency [%] Data Weighted MC
		2016 5.11 ± 0.04 ± 0.57	5.88 ± 0.04
	B 0 s → µ + µ -γ	2017 4.68 ± 0.03 ± 0.35	5.60 ± 0.03
		2018 4.49 ± 0.03 ± 0.35	5.65 ± 0.03
		2016 4.53 ± 0.08 ± 0.32	4.07 ± 0.10
	B 0 s → J/ψ η	2017 4.21 ± 0.08 ± 0.27	-
		2018 4.04 ± 0.08 ± 0.25	-

Table 8 . 9 :

 89 L0TIS efficiency as defined in eq. (5.5) computed on efficiency tables (first column). The first error is due to the MC statistics while the second one is due to the trigger tables statistics. The second column is the simulated efficiency which is higher due to the absence of trigger prescales in the simulations. For B 0 s → J/ψ η, 2017 and 2018 efficiencies are obtained using the 2016 MC kinematics.

CHAPTER 8. NORMALIZATION AND CONTROL CHANNELS, WEIGHTING AND TRIGGER EFFICIENCIES binned

  The efficiencies that result from this study are given in table 8.10. The impact of the different L0 thresholds is visible in the global efficiency where a 3% change is observed between 2017 and 2018. A Hlt2 line, dedicated to the selection of B 0 s → µ + µ -γ events, will be added in LHCb Run III. Being based on a selection close to the Stripping one, it should improve the Hlt2 efficiency by ∼ 10%. The efficiency are measured on simulation using the same method, the results are shown in Tables 8.11 and 8.12.

	Decay	Year ε L0|MLPS [%] ε Hlt1|L0 [%] ε Hlt2|Hlt1 [%] ε Trigger|MLPS [%]
		2016 83.94 ± 0.16 99.89 ± 0.08 87.70 ± 0.18	73.53 ± 0.15
	B 0 s → µ + µ -γ	2017 86.45 ± 0.12 99.91 ± 0.07 86.36 ± 0.13	74.59 ± 0.11
		2018 82.63 ± 0.11 99.92 ± 0.07 86.56 ± 0.12	71.46 ± 0.10
	B 0 s → J/ψ η	2016 86.53 ± 0.47 99.97 ± 0.02	100	86.50 ± 0.47

Table 8 . 10 :

 810 Efficiency of the trigger requirements eqs. (5.2), (5.3) and (5.4), measured on weighted simulation and average on the TCK configurations. Note that the final statistical error is not the sum in quadrature of each trigger level error because the latter are fully correlated. The 100% Hlt2 efficiency for the normalization channel comes from the fact that Hlt2 constraints are weaker than the constraints we applied at stripping level.

	Decay	Year Bin	L0M [%]	L0P [%]	L0TIS [%]
			I	65.32 ± 0.14 13.42 ± 0.06 5.98 ± 0.04
		2016	II 71.04 ± 0.98 9.42 ± 0.36 4.56 ± 0.25
			III 91.82 ± 1.28 0.65 ± 0.11 1.90 ± 0.18
	B 0 s → µ + µ -γ	2017	I II 76.59 ± 0.76 6.47 ± 0.22 4.66 ± 0.18 70.07 ± 0.11 10.50 ± 0.04 5.69 ± 0.03
			III 93.40 ± 0.98 0.57 ± 0.07 1.43 ± 0.12
			I	66.27 ± 0.10 10.37 ± 0.04 5.75 ± 0.03
		2018	II 73.26 ± 0.67 6.74 ± 0.20 4.54 ± 0.17
			III 92.51 ± 0.87 0.33 ± 0.05 1.55 ± 0.11

Table 8 .11: Signal

 8 efficiencies of the trigger requirement L0M, L0P and L0TIS per q 2 bin, measured on weighted simulation and averaged on the TCK configurations. ± 0.[START_REF] Allison | Measurement of the atmospheric neutrino flavor composition in Soudan-2[END_REF] 99.90 ± 0.09 87.42 ± 0.18 73.99 ± 0.15 II 85.02 ± 1.07 99.94 ± 0.05 89.91 ± 1.19 76.40 ± 1.02 III 94.37 ± 1.30 99.98 ± 0.02 99.07 ± 0.92 93.47 ± 1.12 2017 I 86.26 ± 0.12 99.91 ± 0.08 86.06 ± 0.13 74.17 ± 0.11 II 87.72 ± 0.81 99.96 ± 0.04 89.21 ± 0.86 78.22 ± 0.77 III 95.40 ± 0.99 99.97 ± 0.03 99.03 ± 0.96 94.45 ± 0.82 2018 I 82.39 ± 0.11 99.92 ± 0.08 86.26 ± 0.12 71.01 ± 0.10 II 84.54 ± 0.72 99.96 ± 0.04 89.00 ± 0.79 75.21 ± 0.67 III 94.39 ± 0.88 99.96 ± 0.04 98.84 ± 0.93 93.26 ± 0.71

	8.4. RATIOS OF TRIGGER EFFICIENCY

Table

  

				.1
	Year	ε shifted MLPS|Strip&Reco	Uncertainty on the ratio
		B 0 s → µ + µ -γ	B 0 s → J/ψ η
	2016 (73.11 ± 0.15 stat )% (68.03 ± 0.35 stat )%	0.018
	2017 (72.97 ± 0.11 stat )%	-	0.016
	2018 (72.94 ± 0.10 stat )%	-	0.015

Table 9 . 2 :

 92 .2 and 9.3. Systematic uncertainties on the ratio of MLP efficiencies due to discrepancies in the simulation. The uncertainty is the difference between the ratio of efficiencies of the cut on the shifted and the non-shifted MLP.

	Year	ε shifted MLP|Sel&Trig&PID	Uncertainty on the ratio
		B 0 s → µ + µ -γ	B 0 s → J/ψ η	
	2016 (27.35 ± 0.10 stat )% (90.29 ± 0.47 stat )%	0.021
	2017 (26.00 ± 0.07 stat )%	-	0.036
	2018 (26.34 ± 0.07 stat )%	-	0.032
	Year		Uncertainty on the ratio
		Bin I (MLP> 0.7) Bin II (MLP> 0.1) Bin III (MLP> 0.075)
	2016	0.022	0.018	0.014
	2017	0.037	0.031	0.018
	2018	0.034	0.024	0.017

Table

  

Table 9 . 4 :

 94 The statistical uncertainties computed on a single sample by successive cuts are only counted once (for example the statistical uncertainties of Reconstruction and Stripping and of the MLPS cut don't appear in the total except for binned efficiencies where the Reconstruction and Stripping efficiency is computed on a separate sample). The efficiencies are given in Tables 9.4, 9.5 and 9.6, and the normalization factors defined in Eq. (8.1) read for each year f 2016 norm = 1.19 ± 0.04 stat ± 0.11 syst , f 2017 norm = 1.18 ± 0.02 stat ± 0.14 syst , (9.1) f 2018 norm = 1.17 ± 0.02 stat ± 0.13 syst . Reco & Strip 11.19 ± 0.03 ± 0.16 3.56 ± 0.03 ± 0.08 3.14 ± 0.03 stat ± 0.09 syst Charged PID 85.84 ± 0.15 ± 0.15 90.37 ± 0.41 ± 0.15 0.950 ± 0.005 stat ± 0.003 syst Total 1.19 ± 0.04 stat ± 0.11 syst Summary of the cuts efficiencies in 2016. The Neutral PID ratio is the fraction of MC and data-driven efficiencies, see section 5.4 for details.

	Selection Step	Efficiency [%] s → µ + µ -γ B 0 B 0 s → J/ψ η	Ratio of Efficiencies
	Acceptance	22.619 ± 0.093	16.294 ± 0.051	1.388 ± 0.007 stat
	Neutral PID	98.1 ± 2.2	96.3 ± 2.2	1.02 ± 0.03 stat ± 0.05 syst
	MLPS	75.00 ± 0.13	70.96 ± 0.36	1.057 ± 0.006 stat ± 0018 syst
	Trigger	73.53 ± 0.15	86.50 ± 0.47	0.850 ± 0.005 stat ± 0.023 syst
	MLP	30.00 ± 0.10	95.84 ± 0.49	0.313 ± 0.002 stat ± 0021 syst

Table 9 . 5 :

 95 2016 norm, Bin I = 1.40 ± 0.05 stat ± 0.11 syst , f 2017 norm, Bin I = 1.37 ± 0.03 stat ± 0.16 syst , (9.2) f 2018 norm, Bin I = 1.31 ± 0.03 stat ± 0.15 syst , SENSITIVITY Reco & Strip 11.22 ± 0.03 ± 0.08 3.56 ± 0.03 ± 0.08 3.15 ± 0.03 stat ± 0.08 syst Charged PID 85.72 ± 0.12 ± 0.15 90.30 ± 0.41 ± 0.15 0.949 ± 0.005 stat ± 0.002 syst Neutral PID 98.9 ± 1.0 98.8 ± 1.0 1.00 ± 0.01 stat ± 0.01 syst MLPS 75.00 ± 0.10 70.96 ± 0.36 1.057 ± 0.006 stat ± 0016 syst Trigger 74.59 ± 0.11 86.50 ± 0.47 0.862 ± 0.005 stat ± 0.023 syst MLP 30.00 ± 0.07 95.84 ± 0.49 0.313 ± 0.002 stat ± 0036 syst Total 1.18 ± 0.02 stat ± 0.14 syst Summary of the cuts efficiencies in 2017. The Neutral PID ratio is the fraction of MC and data-driven efficiencies, see section 5.4 for details. Reco & Strip 11.20 ± 0.03 ± 0.08 3.56 ± 0.03 ± 0.08 3.15 ± 0.03 stat ± 0.08 syst Charged PID 88.83 ± 0.23 ± 0.15 91.73 ± 0.41 ± 0.15 0.968 ± 0.005 stat ± 0.002 syst Total 1.17 ± 0.02 stat ± 0.13 syst

	Selection Step	Efficiency [%] s → µ + µ -γ B 0 B 0 s → J/ψ η	Ratio of Efficiencies
	Acceptance	22.565 ± 0.093	16.294 ± 0.051	1.384 ± 0.007 stat

Table 9 . 6 :

 96 Summary of the cuts efficiencies in 2018. The Neutral PID ratio is the fraction of MC and data-driven efficiencies, see section 5.4 for details. f 2016 norm, Bin II = 1.17 ± 0.05 stat ± 0.09 syst , f 2017 norm, Bin II = 1.23 ± 0.04 stat ± 0.10 syst , (9.3) f 2018 norm, Bin II = 1.10 ± 0.03 stat ± 0.08 syst , f 2016 norm, Bin III = 0.49 ± 0.02 stat ± 0.03 syst , Bin III = 0.40 ± 0.01 stat ± 0.02 syst , (9.4) f 2018 norm, Bin III = 0.42 ± 0.01 stat ± 0.02 syst . Using Eq. 8.1, and the normalization factors given in Eq. 9.1, the expected sensitivity can be computed for each year. Defining the single event sensitivity as 2016 = (6.45 ± 1.14 stat ± 0.61 syst ) × 10 -9 , (9.6) α 2017 = (6.39 ± 1.12 stat ± 0.78 syst ) × 10 -9 , (9.7) α 2018 = (5.04 ± 0.88 stat ± 0.56 syst ) × 10 -9 , (9.8) where the changes in efficiency are mainly due to the luminosity of each year. By weighting the normalization factor with the luminosities, we get the following global and binned sensitivities α = (1.96 ± 0.34 stat ± 0.21 syst ) × 10 -9 , (9.9) α Bin I = (2.25 ± 0.39 stat ± 0.25 syst ) × 10 -9 , (9.10) α Bin II = (1.93 ± 0.34 stat ± 0.15 syst ) × 10 -9 , (9.11)

	9.3. EXPECTED SENSITIVITY

The LHCb detector and the B 0 s → µ + µ -γ analysis

Note that a problem of missing mass was already encountered in physics. In 1846, Le Verrier and Adams were trying to make sense of Uranus trajectory. Assuming that the observed anomaly to Newton's law was due to the presence of a massive object, they allowed Galle to discover Neptune. This discovery is proof of the effectiveness of indirect measurements.

The sign conventions for the electromagnetic and strong couplings of O7,8 are consistent with the covariant derivative Dµ = ∂µ + ie Q f Aµ + igsGµ (e.g. Qµ = Qe = -1) and C SM 7,8 < 0.

Note that the definitions of O1,2 in[START_REF] Bosch | The Double radiative decays B → γγ in the heavy quark limit[END_REF] are interchanged with respect to our notation in eq. (1.2), which follows[START_REF] Buchalla | Weak decays beyond leading logarithms[END_REF][START_REF] Buras | Effective Hamiltonian for B → X(s)e + ebeyond leading logarithms in the NDR and HV schemes[END_REF][START_REF] Misiak | The b → se + eand b → sγ decays with next-to-leading logarithmic QCD corrections[END_REF].

The value of 50 MeV is fixed by the q 2 resolution of LHCb at the M B 0 s scale. This number would be larger (∼ 80 MeV) in e.g. CMS.

On the other hand, the strong phases of the resonances may be used to measure the phases of the NP Wilson coefficients via CP-dependent observables[START_REF] Bečirević | Enhanced CP asymmetries in B → Kµ + µ[END_REF][START_REF] Calibbi | Z models with less-minimal flavour violation[END_REF].

The error depends on the degree of correlation between the form-factor errors. For example, the case of V ⊥ and V errors exactly anti-correlated obviously amounts to an additional cancellation -between the coefficients of the V 2 ⊥ and V 2 terms within each of the two branching ratios in Rγ. The figure displays the least favourable case, and as such the blue area represents the envelope of any realistic theoretical error on the form factors.

In the e + e -channel the ISR component stays negligible up to q 2 very close to the endpoint, because of chiral suppression. The relative size of the ISR and FSR components will be further discussed in the next sessions (see e.g. Fig. 1.6).

In Ref.[START_REF] Lyon | Resonances gone topsy turvy -the charm of QCD or new physics in b → s + -?[END_REF], for B → Kµ + µ -it was found that |ηV | 2.5 and δV π gives a good description of the data.

The experimental resolution in the muon momenta gives this peak an approximately Gaussian shape, the width being for example of about 25 MeV for the LHCb experiment and ranges from 32 to 75 MeV for the CMS experiment[START_REF] Khachatryan | Observation of the rare B 0 s → µ + µdecay from the combined analysis of CMS and LHCb data[END_REF].

Note that this is not the latest LHCb measurement of B 0 s → µ + µ -. In LHCb's 4.4 fb -1 measurement[START_REF] Aaij | Measurement of the B 0 s → µ + µbranching fraction and effective lifetime and search for B 0 → µ + µdecays[END_REF], B 0 s → µ + µ -events were seen with a significance of almost 8σ, making our argument even stronger.

These differences are of the order of 30%[START_REF] Crivellin | Lepton-flavour violating B decays in generic Z models[END_REF][START_REF] Guadagnoli | Charged-Lepton Mixing and Lepton Flavor Violation[END_REF], hence they are not important for the present argument.

For a (rough) comparison, we should keep in mind that at Run II the LHCb is expected[START_REF] Aaij | Implications of LHCb measurements and future prospects[END_REF] to provide a first measurement of B(B 0 → µ + µ -), which in the SM is about 3% of B(B 0 s → µ + µ -).

As emphasized in[START_REF] Guadagnoli | Charged-Lepton Mixing and Lepton Flavor Violation[END_REF], these mass scales may appear low for, say, a Z as the underlying mediator of the interaction eq. (1.42). However, it must be remembered that this interaction couples primarily to the third generation.

This assumption should actually hold to a good extent, provided that new interactions other than eq. (1.42) are indeed negligible, as assumed here.

Here again, the notations are kept simple to underline the physics of the processes. The notations, as well as the matching of eqs. (2.1) and (2.2) on eq. (1.42), will be developed in section 3.1.1.

The scenario G[START_REF] Gell-Mann | The Eightfold Way: A Theory of strong interaction symmetry[END_REF] = G[START_REF] Zweig | An SU(3) model for strong interaction symmetry and its breaking[END_REF] , discussed later in this thesis, is particularly interesting because it allows to avoid the constraints from B → K ( * ) ν ν decays.

The difficulty of constructing a model explaining b → s and/or b → c transitions is not limited to this aspect. For instance, high-pT searches employing τ + τ -signature severely constrain NP models addressing R D ( * )[START_REF] Faroughy | Confronting lepton flavor universality violation in B decays with high-p T tau lepton searches at LHC[END_REF].

At least in models where diquark couplings are absent[START_REF] Dorsner | Physics of leptoquarks in precision experiments and at particle colliders[END_REF].

Also noteworthy, thanks to loop-corrections, the S1 model was also shown to be a viable candidate in a restricted parameter space[START_REF] Bauer | One Leptoquark to Rule Them All: A Minimal Explanation for R D ( * ) , R K and (g -2) µ[END_REF] (see also[START_REF] Bečirević | Palatable Leptoquark Scenarios for Lepton Flavor Violation in Exclusive b → s 1 2 modes[END_REF][START_REF] Cai | Reconsidering the One Leptoquark solution: flavor anomalies and neutrino mass[END_REF]).

For two generations, as in eq. (2.14), these transformations are actually not unitary. We will make notation more precise afterwards and in particular justify how the Yukawa couplings can be compatible with the advocated symmetry.

For all details on the implementation, see ref.[START_REF] Guadagnoli | TeV Scale Left Right Symmetry and Flavor Changing Neutral Higgs Effects[END_REF].

It is clear that the requirement that xD saturate the experimental result entails a strong correlation between mG 1 and βD in eq. (2.34).

Interestingly, the lower bound is in good accord with the predictions obtained within approaches motivated by completely different considerations[START_REF] Guadagnoli | Charged-Lepton Mixing and Lepton Flavor Violation[END_REF][START_REF] Boucenna | Are the B decay anomalies related to neutrino oscillations?[END_REF][START_REF] Bečirević | Palatable Leptoquark Scenarios for Lepton Flavor Violation in Exclusive b → s 1 2 modes[END_REF][START_REF] Bečirević | Lepton flavor violation in exclusive b → s decays[END_REF][START_REF] Bordone | Low-energy signatures of the PS 3 model: from B-physics anomalies to LFV[END_REF].

The Wilson coefficient C ∆Mq is usually written C1 in the literature, but differs from our C1 given in eq. (1.2).

A similar prediction may be obtained using the CKMfitter code[START_REF] Charles | CP violation and the CKM matrix: Assessing the impact of the asymmetric B factories[END_REF].

For the 1D scenarios, the pull in σ is defined as pull = ∆χ

, with -1 2 ∆χ 2 = ln L( 0)ln L( C best fit ), where L( C) is the global likelihood in the space of NP Wilson coefficients.

in the range -[0.1, 0.6] [92]. With the above qualification in mind, in the

To standardise notations, we will keep L and Q for the fields above the EW scale and and q below. This notation differs from[START_REF] Aebischer | B-decay discrepancies after Moriond[END_REF], and from the usual SMEFT notation, where l is used for the leptons above the EW scale. Furthermore, we will work in a basis where generation indices for RH quarks are taken to coincide with the mass basis[START_REF] Aebischer | WCxf: an exchange format for Wilson coefficients beyond the Standard Model[END_REF], which can be done without loss of generality.

This conclusion holds barring the possibility of additional tree-level contributions from other Wilson coefficients that happen to cancel, at the EW scale, the RGE-induced contributions to EW precision observables. We are not aware of literature where such a possibility has been invoked on theoretical grounds, and we do not consider it further.

Note that exact equality is not preserved by the RG evolution in SMEFT.

The partonic cross section relevant for the direct constraints in Fig.3.8 scales as σ ∼ (gU /MU ) 4[START_REF] Baker | Highp T signatures in vector-leptoquark models[END_REF].

Two other well-known reasons are the strong CP problem, where scenarios based on axions propose natural DM candidates, and sterile neutrinos that can also account for neutrino masses.

If Ψ DM is a singlet of SU (4), then its 4321 quantum numbers are fixed to (1, 1, N)0, and couplings to U1, G , and Z are absent. This corresponds to "Minimal Dark Matter", discussed in[START_REF] Cirelli | Minimal dark matter[END_REF].

One can derive this relation by using H(T ) = 8π 3 g * /90 T 2 /M Pl , s = 2π 2 g * T 3 /45 and ρc = 3H 2 0 /(8πGN ), with H(T0) ≡ H0 = 100h km s Mpc .

The HESS bound we show is the one obtained with the Einasto profile[START_REF] Navarro | The Diversity and Similarity of Cold Dark Matter Halos[END_REF], producing the most constraining bound among the different DM-distribution profiles considered by Ref.[START_REF] Collaboration | Dark matter search in the inner galactic center halo with H.E.S.S[END_REF].

This one-loop result undergoes enhancements of order 2 -3 due to non-perturbative effects[308].

This is not entirely true because the Vertex Locator covers the interaction point (cf. Fig.4.2).A few backward tracks can therefore be reconstructed.

For Run II CL and IsNotH are the same variable, this was not the case in Run I.

By default, the photon is considered as emitted from the origin of the reconstruction frame, in the Vertex Locator. The decay tree can be kinetically adjusted to attach the photon to the secondary vertex. This improves the mass peak width, but mixes signal and backgrounds, see section 5.5.2.

Containers are set of particles produced during the reconstruction process and that can be used as basic units for the stripping lines.

The variables used in PIDCalib are Brunel_P, Brunel_ETA and nTracks_Brunel.

The code of this algorithm can be found here.

P (MeV) ≤ 3575 :

: 10225 : 13550 : 16875 : 20200 : 33500 : 46800 : ≥ 83375

Turbo and Turcal lines are specific Hlt lines whose output can be used directly for analysis or calibration purposes. The events passing the Turcal lines are saved with their raw data, allowing dedicated study of the detector response. These so-called raw-banks are not saved in events passing Turbo lines to save place.

We refer to the PIDCalib webpage for a detailed discussion on these aspects.

ROC stands for Receiver Operating Characteristic. The ROC curve of a classifier is defined as the signal efficiency vs. background rejection curve. The integral of this curve is a good test of the efficiency of a multivariate analysis.

The TMVA configuration of the MLP is NeuronType=tanh:VarTransform=N:NCycles=500: HiddenLayers=N+5:TestRate=5

This isolation was implemented in TupleToolConeIsolation, but we implemented it at the stripping level.

All the fits presented in this thesis are performed using RooFit[START_REF] Verkerke | The RooFit toolkit for data modeling[END_REF] and Minuit[START_REF] James | Minuit: A System for Function Minimization and Analysis of the Parameter Errors and Correlations[END_REF] 

Although Eγ is completely fixed by q 2 in the B 0 s rest frame, these two quantities are almost independent due to the B 0 s boost in the lab frame.

In this measurement the charmonium region is also excluded and used as control channel.

The distributions used in this part are defined in Appendix B.[START_REF] Zweig | An SU(3) model for strong interaction symmetry and its breaking[END_REF] 

Note that the measurement σ(pp → B 0 s + X) also exists[START_REF] Aaij | Measurement of B meson production cross-sections in proton-proton collisions at √ s = 7 TeV[END_REF][START_REF] Aaij | Measurement of the B ± production cross-section in pp collisions at √ s = 7 and 13 TeV[END_REF] and eq. (8.10) could be written as

In the TCKs, P T thresholds are stored in ADC counts. The conversion factor between ADC counts and MeV changed between Run I and Run II. Here we used 24 MeV/ADC counts for the photons and 50 MeV/ADC counts for the muons. For the latter, the cuts were directly performed on the ADC counts so this conversion factor does not impact our results.

The parents of the particles, if specified in the decay chain, are correctly matched.
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PHYSICAL BACKGROUNDS

most of them coming from light mesons decays. This background is usually tackled by increasing the cut on the photon's transverse momentum. As detailed in section 5.4.2, new photon veto variables yield a slightly better handling of this background. The combinatorial background is described with an exponential distribution; the slope and the yield are floated in the final fit as depicted in Fig. ??.

Physical backgrounds

Apart from this combinatorial background, a few peaking backgrounds have been studied:

• decays including muons coming from the charmonium resonances;

• the doubly mis-identified B 0 s → φγ and B 0 → K * 0 γ;

• B 0 → µ + µ -γ and the partially reconstructed B 0 → µ + µ -π 0 and B 0 → µ + µ -η;

• baryonic decays, such as Λ 0 b → pKγ or Λ 0 b → Λγ.

Muons from J/ψ and ψ(2S)

The decay B 0 s → J/ψ γ has the same initial and final states as the signal but has never been observed yet. An upper limit has been set on the branching ratio by the LHCb Collaboration B(B 0 s → J/ψ γ) < 7.3 × 10 -6 [START_REF] Aaij | Search for the decays B 0 → J/ψ γ and B 0 s → J/ψ γ[END_REF]. This decay is largely suppressed by the veto applied on the dimuon mass at the stripping level. The size of the veto range, [2880 MeV, 3920 MeV], is chosen to suppress J/ψ → µµ events by a factor 10 3 .

The main backgrounds in the search for B 0 s → J/ψ γ events are B 0 s → J/ψ η (B = (4.0 ± 0.7) × 10 -4 ) and B 0 → J/ψ π 0 (B = (1.66 ± 0.10) × 10 -5 ) [START_REF] Aaij | Search for the decays B 0 → J/ψ γ and B 0 s → J/ψ γ[END_REF][START_REF] Tanabashi | Review of particle physics[END_REF] decays. To estimate the pollution from these decays, B 0 s → µ + µ -γ events are reconstructed on simulated B 0 s → J/ψ η samples without the q 2 veto. As depicted in Fig. 7.2, the dimuon mass shows an exponential leak toward smaller masses that makes the charmonium veto less efficient. Fitting the slope of this distribution and integrating below 2880 MeV, we estimate that (1.89 ± 0.01)% of the J/ψ → µµ events survive the charmonium veto.

Taking into account that B(J/ψ → µµ) = (5.961 ± 0.033)% [START_REF] Tanabashi | Review of particle physics[END_REF], we get that J/ψ → µµ events are suppressed by a factor (1.12 ± 0.01) × 10 -3 . Given this small number we don't expect J/ψ events from B 0 s → J/ψ η or B 0 → J/ψ π 0 , but residual components would in any case (1) be accounted for by B 0 → µµπ 0 and B 0 s → µµη backgrounds, discussed later and (2) peak outside the signal region due to the energy loss. As the mass of the ψ(2S) resonance in almost 600 MeV larger than the J/ψ mass, the veto efficiency is even better for decays coming from the ψ(2S), and no background event is expected either.

CHAPTER 7. FITS AND BACKGROUNDS

other hh resonances such as φ , f 2 , and higher K * resonances. s → µ + µ -γ decays by changing the mass hypothesis (red points) and the hadron momenta are smeared using the method described in the text (blue points). The smeared distributions (blue curves) are used to model the backgrounds in the final fit.

Table 7.5: Results of the fit of the smeared mass distribution for B 0 s → φγ and B 0 → K * 0 γ backgrounds. Although the initial hadron is heavier, B 0 s → φγ events peak below B 0 → K * 0 γ events because a K is mis-identified in the former while it is a π for the latter. Note that the convergence of the fit is less good for B 0 → K * 0 γ due to a smaller statistic in the sample. Mass distribution of the B 0 → µ + µ -π 0 events (reconstructed as B 0 s → µ + µ -γ) with two fitting procedures. On the left panel, the fit has two components, the merged π 0 (dashed red) are fitted with a Crystal Ball distribution while the resolved π 0 (dashed orange) are fitted by an Argus distribution. On the right panel, both contributions are fitted with a double-sided Crystal Ball. This second method is kept for the final fit. larger, yielding a broader peak in the mass distribution, with lower pollution than for B 0 → µ + µ -π 0 decays. Mass distribution of the B 0 → µ + µ -η events (reconstructed as

The fit is an Argus distribution convoluted with a Gaussian distribution.

NORMALIZATION

• B → J/ψ η π and B → J/ψ η K, where the hadron is missed, give peaks in the left side band. The shape of these backgrounds is extracted from simulation and described with Argus⊗Gaussian distributions. The upper bound of the Argus distribution is fixed to (m B -m h ), with h = K, π.

• B → J/ψ η and B → ψ(2S)η can both lead to a J/ψ ηππ final state which pollutes the low B-mass region. These backgrounds are well described by Gaussian distributions (centred around 4750 MeV and with a width of less than 100 MeV), but they peak below the mass-window chosen for the fit and their pollution is negligible.

• The combinatorial background is fitted with an exponential distribution.

Fit and yields

B 0 s → J/ψ η events are fitted with a double-sided Crystal Ball distribution with tail parameters fixed to simulation. The yields are given in Table 8.1 for the full dataset 2016-2017-2018 and the fit is shown in Fig. 8.1. Note that a decay tree fitter is applied on the B 0 s decays with constraints on the η and J/ψ masses to reduce the B 0 s width. We obtained the following yields:

) 2. L0P ≡ !L0M && L0Photon

where muons and photons are required to stay above the thresholds defined in eqs. (8.14) and (8.15). The resulting efficiencies are given in Tables. 8.7, 8.8 and 8.9 and the global L0 efficiency is given in Table 8.10.

L0 Data driven estimation

The main issue of measuring the efficiency on MC, apart from changes in the thresholds, is that the calibration and the ageing of the ECAL changed the effective thresholds of the trigger lines. Furthermore, at the beginning of 2016 data taking, the calibration constants were assigned wrong values. This error affects the efficiency of the trigger lines that use information from the ECAL. Although TIS requirement eq. (5.5). As discussed in [START_REF] Tolk | Data driven trigger efficiency determination at LHCb[END_REF], the B kinematics is binned to ensure that TIS and TOS are uncorrelated. The binning for the B kinematics is extracted from the quantiles of the signal simulated distributions

RATIOS OF TRIGGER EFFICIENCY

• B PZ (MeV) ≤ 64742 : 97751 : ≥ 152591 ;

• B PT (MeV) ≤ 4380 : 6413 : 8570 : ≥ 11820 .

The choice of 4×5 bins is motivated by the analysis of the efficiency of the TISTOS method and is evaluated in [START_REF] Tolk | Data driven trigger efficiency determination at LHCb[END_REF] to yield a (0.5 ± 0.4)% relative bias.

LO TOS efficiency

The photon trigger efficiency is estimated in bins of photon transverse momentum, and the muon efficiency is also divided in bins of impact parameter. The tracks binning is adapted from the quantiles of the signal distributions:

• γ PT (MeV) ≤ 3230 : 3960 : 5000 : ≥ 6973 ;

• µ PT (MeV) ≤ 1500 : 2000 : 3000 : ≥ 5000 ;

• µ IP (mm) ≤ 0.1 : 0.2 : ≥ 0.5 .

For the muon, the efficiency tables are filled with the muon of largest transverse momentum, as this is the one that triggered a priori. The muon and photon efficiency tables, averaged over the B kinematics, are displayed in Fig. 8.5 and 8.6.

Non-averaged plots are also shown for L0Muon in Appendix B.6. Despite the large statistical errors, adding the L0 efficiencies measured with the two methods hint a slight disagreement, that may come from many sources. The main one may be the mis-modelling of the B transverse momentum, on which the trigger efficiency (especially for TIS) is largely dependent. As the signal and the normalization kinematics differ, as shown in Fig. 8.8, the cancellation of errors is only partial. The unfolding of the B kinematics may also be not fully efficient, SENSITIVITY the efficiency obtained with the sWeights ("cut and fit" method). The resulting error was found to be 5.2% in 2016, 0.9% in 2017 and 1.1% in 2018. The large difference between 2016 and 2017-18 is due to a less accurate fit in 2016 data.

RATIOS OF TRIGGER EFFICIENCY

Concerning the uncertainty due to MC weights, the final ratio was found to be rather dependent on the weighting (mainly through the n(Long)Tracks variable. The remaining uncertainty on nLongTracks after weighting is around 1%. By applying the full procedure on events where the number of tracks is 1% larger we get a (0.6 ± 0.4)% change on the final ratio, independently of the year. We therefore considered a systematic uncertainty of 0.6% due the weighting.

Conclusion

of the discrepancies between data and MC may lead to a more efficient weighting and result in a better simulation of signal events.

A Miscellanies

A.1 The effective C 9 coefficient

The effects of O 1-6 can be accounted for by a q 2 -dependent shift to C 9 [395]

where at next-to-leading logarithm (NLL)

and

where z = 4m 2 q /q 2 .

A.2 B → γ form-factors

This appendix discusses the parametrization of the form-factor of the B → γ * transition. These results are discussed in details in [START_REF] Kruger | Gauge invariance and form-factors for the decay B → γ +[END_REF].

The most general Lorentz and gauge invariant structure of the axial-vector current involves three k-dependent form-factors [START_REF] Melikhov | Dispersion approach to quark binding effects in weak decays of heavy mesons[END_REF] γ

(A.

3)

The regularity of the amplitude at k 2 = 0 (on-shell photon) imposes the relations

Using this relation, eq. (A.3) can be written as

The vector current only involves one form-factor

The pseudo-tensor current also requires three form-factors

Here again, the absence of pole at k 2 = 0 imposes the relation between the formfactors

One can finally use the relation σ µν γ 5 = -i 2 ε µναβ σ αβ to infer the tensor current amplitude

Defining the dimensionless form-factors V ⊥, , T ⊥, as 

table A.1) and we denote their left-handed components by Ψ 1,2 L . While the mixing is important for the couplings of the SM fermions to U 1 , Z , and G , we do not further discuss the new heavy fermion mass eigenstates since they are not relevant for the DM dynamics as long as their masses are larger than M χ + M ψ , which we assume in the following. Due to the mixing, the first and second generation SM SU (2) L doublets are in general linear combinations of the SM-like fields Q 1,2 , L 1,2 and the new heavy fields Ψ 1,2 L . To avoid large flavor violating effects, we align the mixings between SM fermions and new heavy fermions in the basis in which the down-quark mass matrix is diagonal (cf. e.g. [START_REF] Di Luzio | Maximal Flavour Violation: a Cabibbo mechanism for leptoquarks[END_REF]) such that the mixings are flavor-diagonal for the fields

where V is the CKM matrix and u i , d i , e i , and ν i are mass eigenstates. A possible misalignment between the quark and lepton components of the fields Ψ i L is parameterized by embedding the quark and lepton components Ψ 1,2 Q and Ψ 1,2 L that have a flavor-diagonal mixing with Q 1,2 and L 1,2 , respectively, as

where W is a unitary matrix parameterizing the misalignment. This matrix is usually chosen to be CP -conserving and to mix only the second and third generation,

A.3. THE FERMIONS IN 4321 MODELS

i.e. we use

In the absence of additional new heavy fermions that mix with right-handed SM fermions, a possible quark-lepton misalignment in Ψ + 3 R and Ψ -3 R corresponds to only a phase difference, which we parameterize as

Consequently, the SM fields in the basis where the down-quark mass matrix is diagonal can be expressed as

(A.16)

Additional information

B.1 Trigger lines

We detail here the requirements imposed by the trigger lines used in the analysis.

Transverse momentum thresholds can be found in Tables 8.4, 8.5 and 8.6. Trigger prescales are set to 1 unless specified (a prescale of 0.1 means that 10% of the events passing the line are kept). 

L0Muon: P T > P

B.2 Variables used in the multivariate analysis

B.3 Additional data for the q 2 bins B.4 Fit function

We give here the definition of the distributions used in the fits. where α > 0 and

B.5 Data-MC distributions

The 

B.6 L0Muon Trigger efficiency plots

The L0Muon efficiency tables used in for the estimation of the L0Muon efficiency are displayed in Fig. B.11. Due to the correlation between the B transverse momentum and the maximal transverse momentum of the muon, some bins have a large error. On the other hand B 0 s → µ + µ -γ and B → J/ψ K kinematics are closed, so only few signal events fall in these bins. 

B.6. L0MUON TRIGGER EFFICIENCY PLOTS