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Massive Neutrinos：New Physics beyond the SM 1

SNO

Super-K

Nobel Prize in 2015

Daya Bay

◼ Neutrinos are 
massive !!!

◼ New physics 
beyond the SM



Current Status of Neutrino Oscillations 2

Esteban et al., 2007.14792, NuFIT 5.0 (2020)

➢ Future neutrino oscillation experiments will measure the octant of θ23, the
CP-violating phase δ, and the neutrino mass ordering

➢ The most restrictive bound on absolute neutrino masses is coming from
cosmological observations: m1 + m2 + m3 < 0.12 eV (Planck)

Basic neutrino parameters
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m1 < m2 < m3 (NO) or m3 < m1 < m2 (IO) 

Capozzi et al., 2003.08511

Abazajian et al., 1907.04473

Constraints on absolute neutrino masses
▪ Tritium β decays (95% C.L.) 

𝒎𝜷 < 𝟎. 𝟖 𝐞𝐕 (KATRIN 2021)

▪ Neutrinoless double-β decays (90% C.L.)
𝒎𝜷𝜷 < 𝟎. 𝟎𝟑𝟔~𝟎. 𝟏𝟓𝟔 𝐞𝐕 (KamLAND-Zen)

𝟎. 𝟏𝟓~𝟎. 𝟒𝟎 𝐞𝐕 (EXO-200)
𝟎. 𝟎𝟖~𝟎. 𝟏𝟖 𝐞𝐕 (GERDA-II)
𝟎. 𝟎𝟖~𝟎. 𝟑𝟓 𝐞𝐕 (CUORE)

▪ Cosmological observations (95% probability)
𝚺 < 𝟎. 𝟏𝟐 𝐞𝐕 (Planck) 

Current Status of Absolute Neutrino Masses 3



Open Questions in Neutrino Physics

⚫ Normal or Inverted (sign of 𝚫𝒎𝟑𝟏
𝟐 ?)

⚫ Leptonic CP Violation (δ = ?)

⚫ Octant of θ23 (> or < 45o?)

⚫ Absolute Neutrino Masses (𝒎𝐥𝐢𝐠𝐡𝐭𝐞𝐬𝐭 = 𝟎?)

⚫ Majorana or Dirac Nature (ν=νC ?)

⚫ Majorana CP-Violating Phases (how?)

⚫ Extra Neutrino Species 

⚫ Exotic Neutrino Interactions

⚫ Various LNV & LFV Processes

⚫ Leptonic Unitarity Violation

⚫ Origin of Neutrino Masses

⚫ Flavor Structure (Symmetry?)

⚫ Quark-Lepton Connection

⚫ Relations to DM and/or BAU
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Unified Electroweak Theory with the SU(2)LxU(1)Y gauge symmetry

 Particle content
minimality

 Symmetries
SU(2)xU(1)

 Renormalizability
predictive power

The reason is rather SIMPLE NO right-handed neutrinos

• Neutrinos experience only the weak force 
• Weak interactions violate parity
• Only LH neutrinos/RH antineutrinos in weak interactions 

Glashow, 61; Weinberg, 67; Salam, 68

But neutrino oscillations show that neutrinos are massive particles

Zero Neutrino Masses in the SM 5



⚫ Dirac Neutrinos

Generate Dirac ν masses in a similar way to that for 
quarks and charged leptons, after the spontaneous 
gauge symmetry breaking

𝑶(𝟎. 𝟏 𝐞𝐕) 𝑶(𝟏𝟎−𝟏𝟐)

≈ 𝟏𝟕𝟒 𝐆𝐞𝐕

⚫ Majorana Neutrinos

Generate tiny Majorana ν
masses via the so-called 
seesaw mechanism

𝑶(𝟎. 𝟏 𝐞𝐕) 𝑶(𝟏𝟎𝟏𝟒 𝐆𝐞𝐕)

◼ Retain the SM symmetries

◼ Well motivated by GUTs

All the terms allowed by 
the SM gauge symmetries

Difficulties with Dirac neutrinos

▪ Tiny Dirac masses worsen fermion 
mass hierarchy problem (i.e., mi/mt < 10-12)

▪ Mandatory lepton number conservation, 
which is actually accidental in the SM

The simplest way to accommodate tiny neutrino masses 

Neutrino Masses: Dirac vs. Majorana 6



Majorana neutrinos: a natural way to understand neutrino masses

Type-III: SM + 3 triplet fermions (Foot, Lew, He, Joshi 89) 

Type-I:  SM + 3 right-handed Majorana ’s (Minkowski 77; Yanagida 79; Glashow 
79; Gell-Mann, Ramond, Slansky 79; Mohapatra, Senjanovic 79)

Type-II: SM + 1 Higgs triplet (Magg, Wetterich 80; Schechter, Valle 80; Lazarides
et al 80; Mohapatra, Senjanovic 80; Gelmini, Roncadelli 80)

▪ Can naturally be embedded into the Grand Unified Theories, e.g., SO(10) GUT
▪ Responsible for both tiny neutrino masses and matter-antimatter asymmetry

Origin of Neutrino Masses 7



A: Collider Tests of Low-Scale Seesaw Models 8

▪ Experimental searches for heavy Majorana neutrinos from type-I seesaw

arXiv:1806.10905

arXiv:1506.06020-ATLAS

Cai, Han, Li, Ruiz, Front. in Phys. 6 (2018) 40 Dev, Pilaftsis, Yang, 14; Alva, Han, Ruiz, 15

Qiang Li’s talk



A: Collider Tests of Low-Scale Seesaw Models 9

▪ Experimental searches for the singly/doubly charged scalars from type-II seesaw

Leptonic Channel Bosonic Channel

arXiv:2101.11961

▪ Depending on branching ratios: M > 800 GeV 
(leptonic) / 350 GeV (bosonic) at the 95% C.L.



A: Collider Tests of Low-Scale Seesaw Models 10

▪ Experimental searches for neutral/charged heavy leptons from type-III seesaw

▪ Constraints on the masses of neutral/charged 
heavy leptons: M > 910 GeV at the 95% C.L.

arXiv:2202.02039

arXiv:1911.04968



A: Collider Tests of Low-Scale Seesaw Models 11

▪ Displaced vertices as signals for heavy particles from seesaw models

Antusch et al., 16

Dev, Zhang, 18; 
Antusch et al., 18



B: Approach of Effective Field Theories 12

Weinberg, 79

Unique 
dim-5 

Weinberg 
operator

for 
Majorana 
neutrino 
masses

SM Effective Field Theory (SMEFT)



B: Approach of Effective Field Theories 13

Grzadkowski, Iskrzynski, Misiak, Rosiek, 1008.4884 

Dim-6 operators in the Warsaw basis

Jiang-Hao Yu’s talk

Buchmüller & Wyler, 86 

Brivio & Trott, Phys. Rept. 793 (2019) 1



B: Approach of Effective Field Theories 14

▪ The type-I seesaw model as a UV-complete theory

▪ Tree-level matching: simply applying the EOM

▪ Expansion up to M-2 (dim-6 operators)

▪ Seesaw Effective Field Theory (SEFT) @ tree level

Neutrino masses 
& 

flavor mixing

Unitarity violation 
of 

flavor mixing matrix



B: Approach of Effective Field Theories 15

After the spontaneous gauge symmetry breaking

Normalization: 

Diagonalization: 

The SEFT Lagrangian in the mass basis:

Non-unitary flavor mixing

Non-unitarity
Minimal unitarity violation (MUV) 
“equivalent” to SEFT @ tree level

Antusch et al., hep-ph/0607020; Antusch & Fischer, 1407.6607



B: Approach of Effective Field Theories 16

LFV decays of charged leptons in the MUV scheme 

The decay width

However, the calculation in the full theory for Mi >> MW gives

Question: What goes wrong with tree-level 
SEFT? EFT must give the same result as UV 
theory for low-energy observables

Xing & Zhang, 2009.09717



B: Approach of Effective Field Theories 17

Answer: Radiative decays at one-loop require one-loop matching!

Zhang & S.Z., 2102.04954Another two relevant dim-6 operators @ one loop

leading to the direct EM-dipole vertex

exactly reproducing the result in the full theory (with Mi >> MW)



Matching between UV theory and EFT

B: Approach of Effective Field Theories 18

Cohen, Lu & Zhang, 2011.02484

▪ Functional method for one-loop matching

▪ Covariant Derivative Expansion (CDE)

▪ Expansion by Regions (hard and soft loop momentum)

Gaillard, 86; Chen, 86; Cheyette, 88

Beneke & Smirnov, 98; Smirnov, 02



B: Approach of Effective Field Theories 19

Out of 59 operators in the Warsaw basis, 31 dim-6 operators in SEFT

Zhang & S.Z., 2107.12133



B: Approach of Effective Field Theories 20

◼ EFTs as a useful & powerful tool to probe new physics beyond the SM

◼ SEFT@1-loop necessary for precision tests of neutrino mass models

Coy & Frigerio, 2110.09126 

Du, Li & Yu, 2201.04646  

Li, Zhang & S.Z., 2201.05082  

Ohlsson & Penrow, 2201.00840 

Zhang & S.Z., 2107.12133 Liao & Ma, 2210.04270   

Seesaw models, Zee model, Scotogenic model

Liao & Ma, 2210.04270   Blennow et al., 2204.04559   

Neutrino mass connection to the W-mass anomaly: Cheng et al., 2208.06760 



C: High-scale Seesaw Models with Cosmology 21

◼ More observables for the seesaw model of neutrino masses and baryon 
asymmetry in the Universe (BAU)

Cui & Xianyu, PRL, 22 

𝜼B ≈ −𝟎. 𝟗𝟔 × 𝟏𝟎−𝟐𝜿𝒇𝜺𝟏

LNV/CPV/Out-of-equilibrium decays
of heavy Majorana neutrinos: 

leptogenesis for BAU

Fukugita & Yanagida, 86; Buchmueller et al., 04



Summary

1. Origin of tiny neutrino masses calls for new physics beyond the Standard 
Model; Dirac or Majorana nature crucially important for model building

Thanks 
for 

your 
attention!

2. Depending on the mass scale of new physics, different approaches can be 
taken to move forward: 

(A) Direct searches;   (B) Precision tests;   (C) Cosmological observations

3. Other important aspects should be noticed: quark & lepton flavor mixing; 
connections to dark sectors; interplay with astronomy & cosmology; new 
ideas from atomic physics/condensed matter physics/…


