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1) Lepton flavour violation and New Physics 
• cLFV as a signal of New Physics
• cLFV observables and experimental status

2) Extending the SM with sterile fermions 
• Motivation and theoretical framework
• Phenomenological impact and observational constraints

3) Sterile neutrinos and lepton properties
• Muon g-2 
• Neutrinoless double beta decay

4) Sterile neutrinos and cLFV
• Radiative and 3 body decays 
• Rare cLFV Z decays
• Nucleus assisted processes
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1) Lepton flavour violation  
and new physics
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New physics beyond the SM?
‣The Standard Model can explain most of the experimental results. 

However, there are some theoretical and observational issues to address:

• neutrino oscillations

• dark matter

• baryon asymmetry of the Universe

‣Neutrino oscillations provide 1st laboratory evidence of New Physics

‣The Standard Model must be extended (or embedded in larger framework)
    Many candidate models…

‣New Physics actively searched for in many fronts:  
• High energy colliders - direct searches of new states (LHC and future LC, FCC, CEPC …) 
• High intensity facilities - indirect searches (rare processes, deviations from SM) 

(Belle, BaBar, MEG, ..., COMET, Mu3e, Mu2e …) 

• Cosmology & astroparticle physics - observations (dark matter, inflation, ...)
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‣Quark sector: the SM EW interactions preserve u,d, … flavours
• After EWSB there is misalignment of physical and interaction eigenstates 
• Quark flavour is violated by charged current interactions (CKM): VijCKM W± qi qj 
• Observed in many oscillation/decay processes: (mostly) very good agreement with 

SM

‣Lepton sector: original formulation only includes vL
• Fermion generations are put by hand in separate doublets
• In the SM, neutrinos are strictly massless (accidental U(1)B-L symmetry):

- absence of RH neutrino fields ➟ no Dirac mass term (no renormalizable mass term)
- no Higgs triplet ➟ no Majorana mass term (would break the electroweak gauge 

symmetry, because it is not invariant under the weak isospin symmetry; does not conserve the 
lepton number L)

• Strict conservation of total lepton number (L) and lepton flavours (Li)

‣BUT … neutral lepton flavour is violated through neutrino oscillations!
(solar, atmospheric, reactor neutrino data)
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Flavour in the SM
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The SM lepton sector: lepton mixing
‣Extend the SM to accommodate neutrino oscillations:

• A new lepton sector: flavour violated in charged current interactions
• Misalignment of physical (mass) eigenstates and SU(2)L interaction 

eigenstates parameterised by the leptonic mixing matrix (UPMNS)

‣  Pontecorvo-Maki-Nakagawa-Sakata matrix: UPMNS                                                  

                                               charged currents ∝UαiPMNS

‣New degrees of freedom must be added to the SM:

 + Neutrino masses (Δm2)
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‣As of today, data favour a three-active neutrinos oscillation framework.

‣Neutrino oscillation parameters have been inferred by detecting neutrinos coming from 
the Sun, the Earth’s atmosphere, nuclear reactors and accelerator beams.
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Lepton mixing and neutrino physics  

‣PRECISION ERA for neutrino physics

‣only three oscillation parameters unknown: θ23 
octant, δCP, ν mass ordering
‣What about (absolute) neutrino masses?

‣Exciting experimental roadmap ahead!!



Valentina De Romeri - IFT/UAM Madrid 8

Flavour violation in the SM
‣Quark sector:

Quark flavour is violated by charged current interactions (CKM): VijCKM W± qi qj 
Observed in many oscillation/decay processes

‣Lepton sector: 
Assume most minimal “ad-hoc extension” of the SM (mν νLνR (Dirac)): SMmν
Lepton flavour is also violated by charged current interactions (UPMNS) in SMmν!

BUT…Negligible charged Lepton Flavour Violation (cLFV)

‣Flavour violation in the charged lepton sector: new physics beyond SMmν!

[Cheng and Li ‘77; Petcov ’77: 
Marciano and Sanda ’77; Shrock 
and Lee...]
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‣Neutrino oscillations (neutral lepton flavour violation) 

So far we have only upper bounds ... on possible cLFV observables:
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Signals of lepton flavour violation
 [Dedicated experiments]
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‣Neutrino oscillations (neutral lepton flavour violation) 

So far we have only upper bounds ... on possible cLFV observables:

‣Rare leptonic decays and transitions 
• μ − e conversion (Nuclei), μ → eγ, μ → eee,  
• mesonic τ decays, 
• Muonium, µ−e−→e−e−…

‣Meson decays 
• Violation of lepton flavour universality e.g. RK 
• LFV final states B → τ μ …
• LNV decays B− → D+ μ− μ− …

‣Rare (new) heavy particle decays (typically model-dependent): 
• Z → l1∓l2± , H → l1∓l2± , SUSY  l ̃i → lj χ0  , FV KK-excitation decays …
• impact of LFV for new physics searches at colliders   
• LFV final states: for example, e± e−  → e± μ−  + Emiss 

‣And many others ... all without SM theoretical background
10

Signals of lepton flavour violation

 [colliders]

 [High intensity facilities]

 [LHCb, High intensity facilities]

 [Dedicated experiments]
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cLFV in muon channels:  radiative decays 

‣Muons: best laboratory for cLFV; abundantly produced at meson 
factories and proton accelerators

‣cLFV decay: µ+→e+γ  
‣Event signature: Ee = Eγ = mμ/2 (~52.8 MeV)
    Back to back e+ γ  (θ~180º); time coincidence

‣Backgrounds: prompt physics and accidental
Correlated: inner bremss. radiative μ decays µ+→e+γνeνµ  (very low Eν)    [∝ Rμ]
Accidental: coincidence of positron from Michel decays µ+→e+νeνµ with a γ:
γ from µ+→e+γνeνµ ; γ from in flight  e+e- annihilation    [∝ Rμ 2 ]

‣Current experimental status:

‣Future proposals:  MEG II PSI (proposal 2013) sensitivity 6 x 10-14    
… intense proton beams: CERN (NuFact), FNAL (Project X), JPARC, …  
(balance of optimal rates and improvements in reconstruction of photon tracks)                                    

4.22016



Valentina De Romeri - IFT/UAM Madrid 12

cLFV in muon channels:  μ+→e+e-e+ 

‣Backgrounds:  ⇒ correlated & accidental:

Prompt physics:  µ+→e+e- e+νeνµ decay (internal conversion of radiative µ decay)

Accidental: Bhabha scattering of Michel e+ from µ+→e+νeνµ with atomic e−; 
coincidence of Michel positrons with e+e− from γ-ray conversion… 

‣Current experimental status: 

‣ Future prospects: 

Mu3e Experiment at PSI  Phase I (∼ 2017): 10-15 ⇒ Phase II (> 2018): H.I.µ  <10-16 

‣cLFV decay: μ+→e+e-e+

‣Event signature: 
   common vertex, time coincidence

(amelioration of sensitivity related to improvements in detector technology: good tracking devices with 
high muon rates)                                    
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cLFV in “muonic” atoms: μ − e conversion 
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‣Muonic atoms: 1s bound state formed when μ−  stopped in target 

‣Coherent conversion in a muonic atom [μ+Nucleus]: μ− + (A,Z)→e−+ (A,Z)

  SM-like processes: muon capture: μ− + (A,Z)→νμ + (A,Z−1)

       muon decay in orbit: μ− → e− νμνe

‣Event signature: single mono-energetic electron

‣Backgrounds:   SM processes; beam purity (pion contamination), cosmic rays..

‣Experimental status (current and future)

‣μ− - e+ conversion:  (cLFV & ΔL=2) μ− + (A,Z)→ e+ + (A,Z−2)*
SINDRUM II

(Geib et al., 1609.09088)

(then Coulomb distortion effects)

(Berryman et al.,1611.00032)
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cLFV in “muonic” atoms: rare decay  μ−e−→e−e− 

‣Elementary process same as μ+ → e+e+e−, but with opposite charge
Clearer experimental signature (back to back electrons) and larger phase space

‣Effective Interactions: contact and photonic interactions
‣The Coulomb attraction from the nucleus in a heavy muonic atom leads to significant 

enhancement in its rate  (increasing overlap between Ψμ− and Ψe−) by (Z−1)3

‣Distortion effect of e−e− and relativistic treatment of the wave function of the bound leptons
‣Within the reach of high-intensity muon beams (COMET’s Phase II)

Nucleus

e

e

e

μ

NP

(Koike et al. Phys.Rev.Lett. 105 (2010) 121601  
Uesaka et al. arXiv:1508.05747)

‣Muonic atom decay: µ−e− → e−e−
New process proposed by Koike et al.: decay of a bound μ− in a muonic atom

‣ Initial μ− and e−: 1s states bound in Coulomb field of the muonic atom’s nucleus
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cLFV in “muonic” atoms: Muonium 
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‣Muonium: hydrogen-like Coulomb bound state (e−μ+); free of hadronic interactions!

‣Mu-Mu conversion: 

  Spontaneous conversion of a (e−μ+) into (e+μ-)
Simultaneous violation of e and μ numbers: ΔLe =ΔLμ =2

‣ Experimental status: P(Mu-Mu) < 8.3 x 10-11

‣cLFV Mu decay: Mu → e+e-

  Clear signal compared to SM decay Mu→ e+ e− νµνe (no missing energy)

‣ Experimental status: no clear roadmap (nor bounds)…

Hopefully included in COMET’s Phase II programme

(PSI, Willmann et al, 1999) 
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Rare lepton processes: cLFV τ decays 
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‣Tau  production  and  decay:   τ+  τ-  production  in  e+ e−  storage  rings  (facilities  for  B 
mesons); candidate events are separated in 2 hemispheres in the centre of mass: 

•  signal hemisphere (search for cLFV)
•  tagging hemisphere e.g. τ→ e+ e− ντνe

‣Radiative decays:  τ±→l±γ 
• Event signature: 

• Backgrounds: coincidence of isolated leptons with γ (ISR, FSR) - irreducible; 
mistagging

‣3-body decays: τ±→li±lj±lk±

• Event signature: 

• Backgrounds:  No irreducible bkg! small bkg from qq and Bhabha pairs …

‣ Experimental prospects: SuperB (SuperBelle) and/or Tau-charm factories
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cLFV: observables and experimental status 
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Where are we now / timescales ?!

COMET4unlike4Mu2e4will4be4constructed4in4two4phases4with41st4data4in42016/17.4

Coseners"House":"Nov"2013"":"p85"Mark"Lancaster":"Muon"Experiments"

Remarkable experimental commitment world-wide! 

‣ Impressive sensitivity to rare processes: 10-18 ➠ about 1019  muons

(and ~ 1019 grains of sand on Earth…)
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cLFV collider signatures
‣Higgs boson decays: H → l1∓l2± 

• A Higgs factory at LHC: ability to study rare processes..
 Current bounds: BR(H → μ∓τ±) < 0.0143

‣Exotic top quark decays: t→ q l1∓ l2± 

• If present, possibly within reach - LHC “top” factory 

‣At high energies, production of “on shell” new physics states: 
• New interactions open the way to cLFV decays
• Multiplicity, composition, .. properties of final state strongly model-

dependent
• other new signatures related to sterile neutrinos: Higgs production, 

displaced vertices, …

‣Future experimental prospects: Exciting ones at LHC run 2 !!
• Linear colliders / FCC-ee running at ZZ, HH, tt thresholds, CEPC …         

(CMS `15, ATLAS ’16, e.g. Arganda et al 14,15)

(Davidson et al. 14)

(Antusch et al. ’15,’16)
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cLFV collider signatures: rare Z decays 
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‣The detection of a rare decay as                           (i≠j)     would serve as an 
indisputable evidence of new physics

‣Current limits:

(OPAL Collaboration, R. Akers et al., Z. Phys. C67 (1995) 555–564. 
L3 Collaboration, O. Adriani et al., Phys. Lett. B316 (1993) 427. 
DELPHI Collaboration, P. Abreu et al., Z. Phys. C73 (1997) 243. 
ATLAS, CERN-PH-EP-2014-195 (2014) )

‣Z bosons abundantly produced at LEP and at the LHC

‣ In the SM with lepton mixing (UPMNS) the theoretical predictions are:

Z ! l⌥i l
±
j

‣Future experimental prospects:  Linear Collider / FCC-ee

Z

l1

l2



Valentina De Romeri - IFT/UAM Madrid

After the experiments: 
understanding (negative) searches

20
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‣ In the absence of cLFV [and other] signals:
⇒ constraints on parameter space (scale and couplings)
⇒ constraints on the neutrino mass generation mechanism

‣ If cLFV observed: compare with peculiar features of given model 
⇒ predictions for cLFV observables
⇒ identify correlations among different nonstandard effects that can reveal the 
flavour-breaking pattern of the new physics

           What is required of a SM extension to have “observable” cLFV?

21

cLFV: observables of New Physics
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‣Two phenomenological approaches to account for these observables:
• effective
• model dependent (specific NP scenario)

‣Many Models: 
cLFV from generic BSM models: well-motivated SM extensions to ease (some) 
of its th & exp problems generic cLFV extensions (SUSY, little Higgs, ...); 
extended frameworks (gauge / flavour symmetries, extra dims, ...)
models of massive neutrinos (SM seesaws, or extended frameworks)

 
Smallness of mν (and nature - Majorana!?) → new mechanism of mass 
generation

‣Are neutral and charged LFV related?  
Does cLFV arise from ν-mass mechanism? Or entirely different nature?

cLFV arising in SM minimally extended via sterile fermions !
22

Which New Physics?
 [e.g. Broncano et al. 2003, Davidson, De Gouvea …]
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2) Extending the SM with sterile 
fermions 

23
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Any singlet fermion that mixes with the SM neutrinos
● Right-handed neutrinos ● Other singlet fermions

‣No bound on the number of sterile states, no limit on their mass scale(s)

‣Phenomenological interest (dependent on the mass scale):
• eV scale: Several oscillation results or anomalies (reactor antineutrino 

anomaly, LSND, MiniBooNe…) cannot be explained within 3-flavour oscillations
  ⇒ need at least an extra neutrino

• keV scale: motivations for sterile neutrinos from cosmology, e.g.
       warm dark matter or to explain pulsar velocities

• MeV-TeV scale: experimental testability! (and BAU, DM, mν generation...)
(direct and indirect effects, both at the high-intensity and high-energy 
frontiers)

Sterile neutrinos

24

‣ From the invisible decay width of the Z boson [LEP]:
⇒ extra neutrinos must be sterile (=EW singlets, colourless, no weak interactions, electrically 
neutral; Interactions with SM fields: through mixings with active neutrinos (via Higgs)) or cannot be a Z 
decay product

(Partial riconciliation of 
anomalies: Gariazzo et al. 15)
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‣Present in numerous SM extensions aiming at accounting for ν masses and 
mixings: e.g right-handed neutrinos (Seesaw type-I, vMSM..), other sterile 
fermions (Inverse Seesaw) 

LFV observables: depend on powers of Yν and on the mass of the (virtual) NP propagators

‣Simplified toy models for phenomenological analysis: “ad-hoc” construction (no 
specific assumption on mechanism of mass generation) encodes the effects of N 
additional sterile states in a single one

25

Sterile fermions: theoretical appeal 

Explain small ν masses with 
“natural” couplings via new 
dynamics at heavy scale
(Minkowski 77, Gell-Mann Ramond 
Slansky 80, Glashow, Yanagida 
79,Mohapatra Senjanovic 
80,Lazarides Shafi Wetterich 81, 
Schechter-Valle, 80 & 82, Mohapatra 
Senjanovic 80,Lazarides 80,Foot 88, 
Ma, Hambye et al.,  Bajc, Senjanovic, 
Lin, Abada et al., Notari et al…) 
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Low scale: Inverse seesaw (ISS) (Mohapatra & Valle, 1986)

‣Y𝜈∼O(1) and MR ∼ 1TeV  testable at the colliders and low energy experiments.

‣ Large mixings (active-sterile) and light sterile neutrinos are possible

‣ Inverse seesaw basis (νL,νR,X):

‣New (virtual) states & modified couplings: cLFV, non-universality, signals at colliders!

‣Add three generations of SM singlet pairs, νR and X (with L=+1)

26

Parameters:
• MR (real, diagonal)
• μX (complex,symmetric)
• Rmat (rotation,complex) 
• 2 Majorana and 1 Dirac phases from UPMNS
• Normal (NH) / Inverted (IH) hierarchy

MR = (0.1 MeV, 106 GeV)
μX = (0.01 eV, 1 MeV)
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“Toy model” for pheno analyses: SM + νS 
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‣Add one sterile neutrino                             → 3 new mixing angles 
actives-sterile

‣From the interaction to the physical mass basis: 

‣Spectrum: 3 light active neutrinos + 1 heavier (mostly) sterile state

‣Active-sterile mixing Uαi: rectangular matrix

‣Left-handed leptons mixing: 3x3 sub-block, non unitary! 

Parameters:
• θ14,θ24,θ34
• 3 Majorana and 3 Dirac phases
• Normal (NH) / Inverted (IH) hierarchy

UPMNS

U4x4 = (    )ŨPMNS

UeS

UμS

USe          USμ         UτS
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Phenomenological impact

28

‣Modified W± charged currents and Z0, H neutral currents
If sufficiently light, sterile states may be produced as final products

‣Leptonic charged currents can be modified due to the mixing with the steriles:
Standard case (3 flavors): 𝜈i = e,μ,τ 

𝜈i = flavor eigenstate = ∑ai UaiPMNS 𝜈a 
𝜈a = mass eigenstates, a = 1,2,3

Add sterile neutrinos: 

𝜈i = ∑ai Uai  𝜈a, a = 1,2,3,4 ..9..nv U = extended matrix, j=1…3, i=1…nv

If n𝜈 > 3,U ≠ UPMNS → the 3x3 sub matrix is not unitary
(see also: Fernandez-Martinez et 

al. 2007,2016,Gavela et al. 
2009,Abada et al. 2014,Arganda et 

al. 2014, Escrihuela et al. 
2015,2016)

‣Modified neutral currents:
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The deviations from unitarity and the possibility of having steriles as final decay 
products, might induce departures from the SM expectations.

Experimental constraints

1. Neutrino oscillation parameters (seesaw approximation and PMNS)

2. Unitarity constraints
3. Electroweak precision data
4. LHC data (invisible decays)
5. Leptonic and semileptonic meson decays (B and D)
6. Laboratory bounds: direct searches for sterile neutrinos
7. Lepton flavor violation (μ → e γ)
8. Neutrinoless double beta decay
9. Electric and magnetic moments
10.Cosmological bounds on sterile neutrinos

(Forero et al., Gonzalez-Garcia et al., Fogli et al. ’12-‘14) 
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Experimental constraints
1. Neutrino oscillation parameters (seesaw approximation and PMNS)

2. Unitarity constraints

3. Electroweak precision data
4. LHC data (invisible decays)
5. Leptonic and semileptonic meson decays (B and D)
6. Laboratory bounds: direct searches for sterile neutrinos
7. Lepton flavor violation (μ → e γ)
8. Neutrinoless double beta decay
9. Electric and magnetic moments
10.Cosmological bounds on sterile neutrinos

effective theory approach
Non-standard neutrino interactions with 
matter can be generated by NP.

(Antusch et al., ’09,’14,’15,’16, 
Blennow et al. ’16 …) 
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Experimental constraints
1. Neutrino oscillation parameters (seesaw approximation and PMNS)

2. Unitarity constraints

3. Electroweak precision data

4. LHC data (invisible decays)
5. Leptonic and semileptonic meson decays (B and D)
6. Laboratory bounds: direct searches for sterile neutrinos
7. Lepton flavor violation (μ → e γ)
8. Neutrinoless double beta decay
9. Electric and magnetic moments
10.Cosmological bounds on sterile neutrinos

Non-standard neutrino interactions with 
matter can be generated by NP.

invisible and leptonic Z-decay widths, the 
Weinberg angle and the values of gL and gR

(Del Aguila et al., ’08, Atre et al., ’09, 
Antusch et al., ’14,’15, 
Fernandez-Martinez et al.’16 …)

effective theory approach
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Experimental constraints
1. Neutrino oscillation parameters (seesaw approximation and PMNS)

2. Unitarity constraints

3. Electroweak precision data

4. LHC data (invisible decays)

5. Leptonic and semileptonic meson decays (B and D)
6. Laboratory bounds: direct searches for sterile neutrinos
7. Lepton flavor violation (μ → e γ)
8. Neutrinoless double beta decay
9. Electric and magnetic moments
10.Cosmological bounds on sterile neutrinos

Non-standard neutrino interactions with 
matter can be generated by NP.

invisible and leptonic Z-decay widths, the 
Weinberg angle and the values of gL and gR

decay modes of the Higgs boson 
h→vR vL relevant for sterile neutrino masses ~100 GeV

(Dev et al, ’12-’15; 
Bandyopadhyay et al, ’12; Cely et 
al, ’14; Arganda et al, ’14-’15; 
Deppisch et al, ’15; …) 

effective theory approach
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Experimental constraints
1. Neutrino oscillation parameters (seesaw approximation and PMNS)

2. Unitarity constraints

3. Electroweak precision data

4. LHC data (invisible decays)

5. Leptonic and semileptonic meson decays (K,B and D)

6. Laboratory bounds: direct searches for sterile neutrinos
7. Lepton flavor violation (μ → e γ)
8. Neutrinoless double beta decay
9. Electric and magnetic moments
10.Cosmological bounds on sterile neutrinos

Non-standard neutrino interactions with 
matter can be generated by NP.

invisible and leptonic Z-decay widths, the 
Weinberg angle and the values of gL and gR

decay modes of the Higgs boson 
h→vR vL relevant for sterile neutrino masses ~100 GeV

(CLEO, Belle, BaBar, NA62, LHCb, BES III, J. Beringer et al. ,PDG, 
2013,Shrock, ’81; Atre et al, ’09; Abada et al, ’13-’15 …) 

Γ(P → lν) with P = K,D,B 
with one or two neutrinos in 
the final state

effective theory approach
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1. Neutrino oscillation parameters (seesaw approximation and PMNS)

2. Unitarity constraints

3. Electroweak precision data

4. LHC data (invisible decays)

5. Leptonic and semileptonic meson decays (K,B and D)

6. Laboratory bounds: direct searches for sterile neutrinos

7. Lepton flavor violation (μ → e γ)
8. Neutrinoless double beta decay
9. Electric and magnetic moments
10.Cosmological bounds on sterile neutrinos

Non-standard neutrino interactions with 
matter can be generated by NP.

invisible and leptonic Z-decay widths, the 
Weinberg angle and the values of gL and gR

Γ(P → lν) with P = K,D,B 
with one or two neutrinos in 
the final state

decay modes of the Higgs boson 
h→vR vL relevant for sterile neutrino masses ~100 GeV

(Shrock 1980, Atre et al. 2009, Kusenko et al. 2009, Lello 2013)
e.g. π± → μ±vS, the lepton 
spectrum would show a 
monochromatic line.

Experimental constraints

effective theory approach
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1. Neutrino oscillation parameters (seesaw approximation and PMNS)

2. Unitarity constraints

3. Electroweak precision data

4. LHC data (invisible decays)

5. Leptonic and semileptonic meson decays (K,B and D)

6. Laboratory bounds: direct searches for sterile neutrinos

7. Lepton flavor violation (μ → e γ, 3body decays)

8. Neutrinoless double beta decay
9. Electric and magnetic moments
10.Cosmological bounds on sterile neutrinos

Non-standard neutrino interactions with 
matter can be generated by NP.

invisible and leptonic Z-decay widths, the 
Weinberg angle and the values of gL and gR

Γ(P → lν) with P = K,D,B 
with one or two neutrinos in 
the final state

decay modes of the Higgs boson 
h→vR vL relevant for sterile neutrino masses ~100 GeV

e.g. π± → μ±vS, the lepton 
spectrum would show a 
monochromatic line.

(Gronau et al, ’85; Ilakovac & Pilaftsis, ’95 - ’14, 
Deppisch et al, ’05; Dinh et al, ’12; Alonso et al, ’12; … ) 

Experimental constraints

effective theory approach
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1. Neutrino oscillation parameters (seesaw approximation and PMNS)

2. Unitarity constraints

3. Electroweak precision data

4. LHC data (invisible decays)

5. Leptonic and semileptonic meson decays (K,B and D)

6. Laboratory bounds: direct searches for sterile neutrinos

7. Lepton flavor violation (μ → e γ, 3body decays)

8. Neutrinoless double beta decay

9. Electric and magnetic moments
10. Cosmological bounds on sterile neutrinos

Non-standard neutrino interactions with 
matter can be generated by NP.

invisible and leptonic Z-decay widths, the 
Weinberg angle and the values of gL and gR

Γ(P → lν) with P = K,D,B 
with one or two neutrinos in 
the final state

decay modes of the Higgs boson 
h→vR vL relevant for sterile neutrino masses ~100 GeV

e.g. π± → μ±vS, the lepton 
spectrum would show a 
monochromatic line.

(EXO-200,KamLAND-
Zen,GERDA,CUORICINO) 

(see also: Blennow et al. 2010, Lopez-Pavon et al. 2013, Abada et al. 2014) 

Experimental constraints

effective theory approach
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1. Neutrino oscillation parameters (seesaw approximation and PMNS)

2. Unitarity constraints

3. Electroweak precision data

4. LHC data (invisible decays)

5. Leptonic and semileptonic meson decays (K,B and D)

6. Laboratory bounds: direct searches for sterile neutrinos

7. Lepton flavor violation (μ → e γ, 3body decays)

8. Neutrinoless double beta decay

9. Electric and magnetic moments

10. Cosmological bounds on sterile neutrinos

Non-standard neutrino interactions with 
matter can be generated by NP.

invisible and leptonic Z-decay widths, the 
Weinberg angle and the values of gL and gR

Γ(P → lν) with P = K,D,B 
with one or two neutrinos in 
the final state

decay modes of the Higgs boson 
h→vR vL relevant for sterile neutrino masses ~100 GeV

e.g. π± → μ±vS, the lepton 
spectrum would show a 
monochromatic line.

Experimental constraints

effective theory approach

 (Abada, De Romeri and Teixeira 2014, Abada and Toma 2015) 
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1. Neutrino oscillation parameters (seesaw approximation and PMNS)

2. Unitarity constraints

3. Electroweak precision data

4. LHC data (invisible decays)

5. Leptonic and semileptonic meson decays (K,B and D)

6. Laboratory bounds: direct searches for sterile neutrinos

7. Lepton flavor violation (μ → e γ, 3body decays)

8. Neutrinoless double beta decay

9. Electric and magnetic moments

10. Cosmological bounds on sterile neutrinos

Non-standard neutrino interactions with 
matter can be generated by NP.

invisible and leptonic Z-decay widths, the 
Weinberg angle and the values of gL and gR

Γ(P → lν) with P = K,D,B 
with one or two neutrinos in 
the final state

decay modes of the Higgs boson 
h→vR vL relevant for sterile neutrino masses ~100 GeV

e.g. π± → μ±vS, the lepton 
spectrum would show a 
monochromatic line.

Large scale structure, Lyman-α, 
BBN, CMB, X-ray constraints 
(from vi→vjγ),SN1987a

(Smirnov et al. 2006, Kusenko 2009, Gelmini 2010) 

Experimental constraints

effective theory approach
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Experimental constraints: examples
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(Alonso et al. 2009) (Deppisch et al. 2015)

‣Analysis carried for two kind of models: ISS and “3+1” toy model
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3) Sterile neutrinos and lepton 
properties

40
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Magnetic moment of the muon, 0vββ
(J. Beringer et al. PDG, 2013)

3+1 toy model

3+1 toy model

cosmo yes
cosmo no

EXO-200
near future

an
om

al
ie

s

ke
V 

lin
e

v oscil data, lab excluded

3+1 toy model

measures the deviation from unitarity.

‣νs can strongly impact predictions for |mee|
⇒ augmented ranges for effective mass

(Abada, VDR, Teixeira, ’14) 

(Abada, VDR, Teixeira, ’14) 
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4) Sterile neutrinos and cLFV

42
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νS and cLFV: radiative and three-body decays 

‣Radiative decays: li→ lj γ

‣Consider µ → e γ:

For m4 ≥ 10 GeV sizeable νs contributions .. but precluded by other cLFV observables

‣3-body decays: µ → eee

cosmo yes
cosmo no

3+1 toy model

MEG

CO
M

ET cosmo yes
within reach of future 
0vββ decay exps.SI

ND
RU

M

LC

FCC-ee

‣ dominated by Z penguins                          
(same contribution to rare Z decay Z→ e µ)

(Abada, VDR, Monteil, Orloff, Teixeira, ’15) 
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νS and cLFV: rare Z decays 

Z

‣ rare cLFV Z decays at a high luminosity Z 
factory:

Z ! l⌥i l
±
j

LC

FCC-ee CO
M

ET

cosmo yes
within reach of future 0vββ 
decay exps.

LC

FCC-ee

Su
pe

r B
Ba

ba
r ‣ allows to probe cLFV in mu-tau sector beyond 

superB reach

‣ also studied for ISS and vMSM

‣ Other searches for sterile neutrinos at colliders: 
• searches for heavy N at LHC
• cLFV Higgs decays
• other new signatures, related to sterile 

neutrinos: Higgs production, displaced vertices, 
…

(Arganda et al.14,15)

3+1 toy model

3+1 toy model
(Abada, VDR et al.,15, 
Abada et al., ’15 
De Romeri et al. ‘16)

(Abada, VDR, Monteil, Orloff, Teixeira, ’15) 

(Abada, VDR, Monteil, Orloff, Teixeira, ’15) (Antusch et al. ’15,’16)
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νS and cLFV: nucleus-assisted processes 
‣BR(µ−e−→e−e−,Al) vs CR(μ- e, Al)

ISS

ISS

Log10(BR(μ−e−→e−e−,Al))

COMET phase I

COMET phase II

‣Sizeable values for BR(µ−e− → e−e−) - 
potentially within experimental reach! 
[COMET] 

‣For Aluminium [COMET], CR(μ − e) 
appears to have slightly stronger 
experimental potential

‣Rate strongly enhanced in large Z 
atoms

(Abada, VDR, Teixeira, ’15) 

(Abada, VDR, Teixeira, ’15) 
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νS and cLFV: nucleus-assisted processes 
‣Muonium conversion and decay

‣Transition described via an effective 4-fermions interaction: 

‣Present experimental limit (@PSI): 
GMM/GF < 3 x 10-3 

‣Large values of GMM precluded due 
to conflict with CR(μ − e, Au) and 
BR(μ → 3e)

‣Maximally expected values           
Mu → e+ e− ∼ O(10−25 )           
Within experimental reach ???

ISS

(Willmann et al. ‘99)

(Abada, VDR, Teixeira, ’15) 

3+1 toy model
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Summary
‣Flavour violation observed in quarks & neutral leptons…

• why should Nature “conserve” charged lepton flavour?

‣ Lepton flavour violation and New Physics
• New Physics can be manifest via cLFV even before any direct discovery!
• cLFV observables can provide (indirect) information on the underlying NP model
• Data from cLFV might even exclude regimes/scenarios of SM extensions

‣Numerous observables currently being searched for: 
• Closely follow with theoretical studies and phenomenological analyses, exploring diverse cLFV 

observables, of different origin, infer pattern/correlation 
     ⇒ Unveil the underlying mechanism of flavour violation in the lepton sector!

‣ Extending the SM with sterile states
• Theoretically and phenomenologically motivated; impact on many observables!
• Sterile states: actively searched for at high energy, high intensity and in cosmology

‣ Sterile neutrinos and cLFV
• Sizeable contributions to many observables (some leading to stringent constraints e.g. 0vββ)
• “Toy model”: important νs contributions to CR(µ − e, N) and BR(µ−e− → e−e−), potentially 

within COMET reach
• Sizeable rare BR(Z→ µ τ) within FCC-ee reach
• Analysis also carried for well motivated models: Inverse Seesaw and νMSM

47
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Realistic estimation for the 
detectability of Dark Matter Galactic 

sub-halos with Fermi-LAT

Valentina De Romeri
(IFT - Universidad Autonoma de Madrid) 

Focus Meeting on Collider Phenomenology
IBS-CTPU-PTC

12-16 December 2016
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 Based on works done in collaboration with  Francesca Calore, Fiorenza Donato, 
Mattia di Mauro and Federico Marinacci

ArXiv:1611.03503
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There is overwhelming evidence for the existence of dark matter:

Cosmological and astrophysical observations

49

CMB anisotropies, 
Clusters (X-rays, lensing), 
Large Scale Structures, 
Galaxies (rotation curves, fits…)
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Non-baryonic (BBN, CMB)

Collisionless (bullet cluster)

Stable on cosmological scales (or lifetime  >> tU ~13.8 Gyr)

Neutral
Massive  
Cold or Warm (structure formation)

Not in conflict/excluded by DM experiments and cosmological data

…....not included in the Standard Model
                                   Many candidates in Particle Physics

50

 →  WIMPs, axions …

Additional assumptions for this talk:

• dark matter is a WIMP  (GeV - TeV mass scale)
• WIMPs cluster in galaxies as dark halos (a main smooth halo and many subhalos)
• can pair annihilate or decay to produce SM particles
• accounts for the measured relic density

DM is … 
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2.1 Antimatter in the cosmic rays 
(antiprotons, antideuterons, positrons…)

2.2 Neutrinos (DM annihilation inside 
celestial bodies)

2.3 Photons (DM annihilation in the galactic 
halo(s))

51

1. DIRECT DETECTION (looks for energy 
deposited within a detector by the DM-
nuclei scattering)

2. INDIRECT DETECTION (looks for 
WIMP annihilation (or decay) products)

+ complementary searches at colliders

If DM is made of particles that interact among themselves and with SM 
particles we may hope to detect it. Two strategies:

{
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• Almost not absorbed/attenuated when propagating through halo
• Point directly to the sources: clear spatial signatures
• Clear spectral signatures to look for

but… need careful study of:
‣ diffuse background modelling 
‣ properties of unresolved sources (number, distribution…)
‣ new type of sources?

52

Gamma-rays from WIMPs?
DM

DM

γ

γ
γ
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1. Prompt photons from DM annihilation:
• Two-body annihilation into photons (gamma-ray lines)

• Photon production in hard process (bremsstrahlung of charged particles)

• Two-photon decay of neutral pions π0 → γγ dumped by the hadronization 
chain of strongly interacting annihilation products (continuum)

2. Secondary photons from radiative processes associated with stable, charged 
particles produced by DM annihilation or decay (electrons and positrons): 

e.g. inverse-Compton and synchrotron emission.

53

Gamma-rays from WIMPs? - Annihilation processes
DM γ

DM γ

DM
γ

DM

f

f

π0 

π0 

π0 

DM γ

DM

W-/Z/q

W+/Z/q

π0 
π0 

π0 

γ
γγγ
γ
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d��

dE�
(E� , , ✓,�⌦) =

d�PP
�

dE�
(E�)⇥ J( , ✓,�⌦)

The γ-ray flux from DM annihilation is defined as the number of photons 
collected by a detector per unit of time, area, energy and solid angle:
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d��

dE�
(E� , , ✓,�⌦) =

d�PP
�

dE�
(E�)⇥ J( , ✓,�⌦)

The γ-ray flux from DM annihilation  is defined as the number of photons 
collected by a detector per unit of time, area, energy and solid angle:

d�PP
�

dE�
=

1

4⇡

h�vi
2m2

DM

X

i

dN i
�

dE�
Bi

PARTICLE PHYSICS factor:
- bb, μ⁺μ⁻, τ⁺τ⁻ final states 
- Bi = 1
- spectra from Cembranos et al. 
PhysRevD.83.083507  

Velocity averaged 
annihilation cross-section Photon energy spectrum 

per annihilation
Characteristic Energy Spectrum
Important to:
● identify a DM signal
● determine the DM mass
● determine the annihilation process
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d��
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The γ-ray flux from DM annihilation  is defined as the number of photons 
collected by a detector per unit of time, area, energy and solid angle:

d�PP
�

dE�
=

1

4⇡

h�vi
2m2

DM

X

i

dN i
�

dE�
Bi

PARTICLE PHYSICS factor:
- bb, μ⁺μ⁻, τ⁺τ⁻ final states 
- Bi = 1
- spectra from Cembranos et al. 
PhysRevD.83.083507  

J( , ✓,�⌦) =

Z
�⌦

0

d⌦

Z

los

⇢2(r(s, , ✓))ds
ASTROPHYSICAL factor:
• Sensitivity to different DM 

halo profiles

Integration of the squared DM density at a distance s from the Earth in the direction 
along the l.o.s and in the observational cone of solid angle ΔΩ
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γ-ray experiments relevant for DM searches

Space based: Fermi-LAT
(Pair conversion detector)

57

Ground based: MAGIC, VERITAS, H.E.S.S.
(Atmospheric Cherenkov Telescopes)

Effective area: O(1m2) 
Observation times: O(yr) 
Energies: 0.02 - 300 GeV

Effective area: O(1km2) 
Observation times: O(100hr) 
Energies>100 GeV

(GeV to TeV)



Valentina De Romeri - CNRS/LPC Clermont

γ-rays from DM: search targets

58

Dwarf Galaxies:
Known location and DM content 
Low statistics

Galaxy clusters:
Low bckg but low statistics 
Astrophysical contamination

Galactic center:
Large statistics 
Large background

Milky Way halo:
Large statistics 
Diffuse background 
(low background at high 
galactic latitudes)

+ Isotropic background:
Large statistics, but 
astrophysics, galactic diffuse 
background

+ Spectral lines
Little or no astrophysical 
uncertainties, good source id, 
but low sensitivity because of 
expected small branching ratio
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Detectability of dark matter sub-halos with 
Fermi-LAT 

59

‣Two new Fermi-LAT catalogs: 

• 3FGL (Acero et al. 2015): 4 years, 0.1 – 300 GeV, Pass 7 data, 3000 sources (at a 
latitude |b| > 20◦ mainly AGN)

• 2FHL (Ackermann et al. 2015): 80 months, 50 – 2000 GeV, Pass 8 data, 360 sources

‣ In both catalogues, a large fraction of sources remain unassociated: about 15% in the 
2FHL and 30% in the 3FGL.

‣Unassociated sources are point-like gamma-ray emitters detected as such by the LAT, 
but lacking association with astrophysical objects known in other wavelengths. 

‣The sample of unassociated sources in the Fermi-LAT catalogues might already contain 
gamma-ray emitting DM SHs. 
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Cosmological simulations: DM-only vs HYDRO

60

Springel et al. (2008)
Marinacci et al. (MNRAS 2013)
Q. Zhu et al. (MNRAS, 2016) 

Effects of baryons: 
‣ increasing the density in the center of 

the Galaxy
‣ removing both DM and luminous 

matter and redistribute them in the 
SHs 

‣ evaporating the gas and preventing 
gas accretion from the intergalactic 
medium

Differences:
‣Fewer SHs in the Hydro simulation
‣Low-mass SHs depleted in the Hydro 

simulation
‣Depletion mostly near the center. 
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‣SH spatial distribution: Einasto profile 
• n−2 = 0.66±0.06 (0.50±0.03)
• α = 1.17 ± 0.15 (2.20 ± 0.29) 
• r−2 = 0.64 ± 0.02 (0.65 ± 0.02) Rvir

‣SH mass distribution: dN/dM ∼ M−1.9 

Calore, VDR et al. 1611.03503

Cosmological simulations: DM-only vs HYDRO

‣Radial abundance lower for Hydro simulation, mostly in the central region. 

‣Vmax (MSH) dependence of radial distribution — stronger for Hydro simulation. 
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DM distribution and density profile of the SH

62

‣DM distribution and density profile of the SHs: Einasto α = 0.16

J( , ✓,�⌦) =

Z
�⌦

0

d⌦

Z

los

⇢2(r(s, , ✓))dsrmax = rs x 2.189
Calore, VDR et al. 1611.03503 Calore, VDR et al. 1611.03503
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Detectable subhalos
100 MC realisations:  ~2000 SHs for single Hydro realisation

‣for all the SHs we compute the 
gamma-ray flux above a given 
energy assuming an Einasto DM 
density profile in the SHs. 

‣Estimate the sensitivity flux to 
detect a DM subhalos as a 
function of DM mass and 
galactic latitude.

‣Small numbers of detectable 
SHs: compatible with the fact 
that no emission from the 
direction of known dwarf 
galaxies has been observed yet Calore, VDR et al. 1611.03503
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Detectable subhalos
‣SH distance from the observer as a function of the SH mass, for the detectable SHs (black 

stars) and the SHs below threshold (grey points).

‣Smallest rs values correspond to undetectable SHs, independently of MSH. Detectable SHs 
can have rs ranging from 0.4 kpc to 3 kpc

Calore, VDR et al. 1611.03503

3FGL 3FGL
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The small (or even null) number of detectable DM SH candidates among the Fermi- LAT 
unassociated sources allows us to set upper limits on the DM annihilation cross section ⟨σv⟩.

Limits on dark matter annihilation cross section

The limits derived 
assuming NCandidate = 0 
are very tight and 
competitive with limits 
from dwarfs galaxies
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Conclusions
‣First realistic estimation of the detectability of Galactic dark matter sub-halos in the 

Fermi-LAT 3FGL and 2FHL catalogs. 

‣Based on one of the most recent hydrodynamic simulations for structure formation  
(Hydro-Aquarius simulation)

‣Although baryons affect the abundance and internal structure of sub-halos (especially 
the more massive ones), these discrepancies do not substantially alter the predictions on 
rs.

‣Sensitivity: we fully account for dependence of the sensitivity flux threshold on the dark 
matter annihilation channel, the dark matter mass and the sub-halo position in the main 
halo.

‣Our results show that the largest number of detectable sub- halos, that might already be 
among the unassociated sources of the 3FGL catalog, is at most 0.9 ± 0.8 for MDM = 8 
GeV – with ⟨σv⟩ fixed to the upper limit derived from the latest analysis of dwarf 
spheroidal galaxies. The prediction for the 2FHL catalog is lower: NDetectable = 0.0 ± 
0.2 for MDM = 10 TeV.

‣Competitive bounds on  ⟨σv⟩ if Candidate = 0.
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Thank 

you!


