
MASE FERMIONA U SM 

 

 MASE KVARKOVA i 

NABIJENIH LEPTONA 

 MASE NEUTRINA  

 ČAROLIJA i ENIGMA 

HIGGSOVOG SEKTORA 



MASE FERMIONA ILI 
YUKAWINA VEZANJA 



Obitelj fermiona realizirana s 
pet reprezentacija SM-a 



Izvor mase u Higgsovom   
kondenzatu 

 Čarolija dubleta 
kompleksnih 
skalara 

 Yukawino vezanje 
Dim-4  

 



Masivna polja SM-a crpu masu iz 
kondenzata Higgsovog polja 

  



MASE LEPTONA –
u unitarnom bažd. 

 Uz umnožak dva dubleta 



Feynmanovo pravilo 
Yukawinog vrha 

 Odražava afinitet fermiona na higgs 



MASE KVARKOVA – 
donjih i gornjih, za 
realno Yukawino vezanje 

 Uz konjugiran dublet 





Raspad Higgsovog bozona na 
fermionsko-antiferminski par 

 Invarijantna amplituda 

čije kvadriranje, sumiranje po polarizacijama (i 
bojama) i integracija po 2-čestičnom faznom 
prostoru, daje parcijalnu širinu raspada: 



Miješanje kvarkovskih 
generacija 

 u unit. bažd. kompleksne Yukawine 
(3x3) matrice vode na matrice masa 



BAZA KVARKOVSKIH  MASA – 
dijagonalizacijom biunitarnim transform. 

 Dijagonalizacija masa/Yukawinih matrica 

 Dijagonalna i realna Higgsova vezanja u bazi 
masa 



CKM miješanje u nabijenoj struji 
& okusno dijagonalna neutralna 

 Univerzalno vezanje fotona i Z bozona: 
GIM i granasta odsutnost FCNC 

CKM matrica 

je unitarna 



Za više obitelji (generacija) 
-općenito Yukawin lagrangian 
nije dijagonalan u okusu 
 







Pogodan je odabir slabe baze u kojoj 
su gornji kvarkovi masena stanja. 
Izospinski dubleti tada imaju zapis 

 U prostoru generacija je 



Miješanje leptona 

(Pontecorvo-Maki-Nakagawa-Sakata) 

prva opipljiva naznaka fizike izvan  

standardnog modela 



Kao za kvarkove, moguć je odabir 
slabe baze u kojoj su nabijeni leptoni 
masena stanja. Izospinski dubleti 
tada imaju zapis 

 tako da PMNS matrica povezuje okusna 
stanja neutrina s masenim (1,2,3)  









NORMALNA I INVERZNA 
HIJERARHIJA MASA 
NEUTRINA 



Neutrinske mase  kao opipljivo 
odstupanje od SM-a Fig.Murayama’08 



PERIODIČKA TABLICA SM-a 



Diracove mase neutrina ukoliko 
postoje i desni neutrini  

 PMNS miješanje okusnih i 
masenih (1,2,3) stanja, pri 
čemu male mase neutrina 



Type I 

Type II 

Type III 

    
       Dim-5 Seesaw Operator  
Only 3 realizations at tree-level 
- single BSM particle with SM charges 



Weinbergov operator dim 5, 
generiran česticama nove fizike skale 
Λ, daje Majoraninu masu neutrina  

 nakon SSB, iz korektno napisanog 
operatora izraženog konjugiranim “L” 
spinorom koji se Lor-transf. kao “R”  



Fermioni s “GUT-skale” u 
njigalici  Tipa I & III 



Tip I 



Tip II 



Tip III 



TeV-seesaw scale is suggested 
by EW hierarchy problem 



 Lowering the seesaw scale  
 by going to Dim>5 operators 



 Scale of New Physics for  
Type I, II and III Seesaw 



       “Type V” Seesaw  
(5, 0) instead of (3, 0) in Type III 



EWSB in usual way from the 
Higgs doublet 

 Induced vev for  
  quadruplet scalar Φ  
 



  Seesaw w.r.t. Radiative  
 
Mass ~    



Tree w.r.t. Radiative dominance  



 Seesaw w.r.t. Radiative Masses:    
with higher Scalar and Fermion 

multiplets   
 Tree-level “type IV” (for 4-plet), “type 
V” (for 5-plet), ... Dim>5 

 Loop-level generated Dim-5 operator 
(Radiative Mass if Tree-level forbidden) 

 Scotogenic – with DM particle in loop 



One-loop Radiative Models 



Zee Model of Neutrino Mass 

A. Zee (1980) 



Zee Model of Neutrino Mass (cont.) 



L. Wolfenstein (1980) 

Smirnov, Tanimoto (1997) 

Jarlskog, Matsuda, Skaldhauge, Tanimoto (1999) 

Frampton, Glashow (1999) 



Koide (2001) 

X.G. He (2004) 



Two-loop Zee/Babu 



A. Zee, (1985) 

Babu (1988) 



K.S. Babu, C. Macesanu (2005) 

D. Sierra, M. Hirsch (2006) 

M. Nebot, J. Oliver, D. Paolo, A. Santamaria (2008) 

K.S. Babu,  J. Julio (2013) 

D. Schmitz, T.Schwetz,  H. Zhang (2014) 

J. Herrero-Garcia, M. Nebot, N. Rius, A. 

Santamaria (2014) 



 From Zee’80 to Krauss-
Nasri-Trodden (KNT 2002) 



KNT Model 



A unified solution to the DM & 
nu-mass problem 



3-plet & 5-plet Variants of KNT 

 Triplet Variant 

 Larger Representations 
- with or without DM? 



Radiative Nu-Mass 
with or without DM 

 



Softly broken accidental Z_2 
symmetry  
 The 2nd term in the mixing potential  



 



2. Scotogenic Models with 
          Scalar Doublets  



2.1 ORIGINAL SCOTOGENIC MODEL  



a.k.a. inert Higgs doublet (IHD), 
which has inspired many studies  

Z2–odd 2nd SU(2) 
scalar doublet 

 

 

 

 

 by Z2–allowed term 



One-loop diagram induces a 
Majorana mass for neutrino 



2.2  



2.2 U(1)D SCOTOGENIC MODEL 

Z2 symmetry promoted to gauge U(1)D 



 Two scalar doublets 
U(1) charged 

 
 Three neutral singlet Dirac 
fermions, U(1) charged 

 
 The allowed couplings completing 
the loop  

 



The scotogenic neutrino mass 

 (i) 

 (ii) 



The lightest (ps)Dirac N as DM 

 Display on Fig. the values of DM couplings 
needed for the observed DM relic density 



The standard collisionless CDM 





3. Scotogenic Models with 
      Minimal Dark Matter  


