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a 115-year journey in atom 



• The past particle colliders (LEP, Sp𝑝 S, PETRA, SPEAR, 

SLC, Tevatron, and LHC) made important 

measurements for the SM particles. 

• They have so far seen no conclusive evidence of 

Beyond the SM phenomena, although strong 

arguments based on naturalness imply TeV scale 

BSM physics. 

• Not conclusive signs: e.g. deviations in flavor sector, 

indirect dark matter detection 

 

 

Where is the BSM (TeV) scale? When? How?  

 



BSM observation 
• The only BSM physics observed so far in the lab is 

neutrino mass (from flavor change in oscillation, 1998) 

 

 

• What we know about neutrino: 

 

 

 

 

 

 

• What we need to know: 
     normal or inverted mass hierarchy? 

     Dirac (𝑚𝐷ν𝐿ν𝑅) or Majorana (𝑀𝑅ν𝑅
𝑐ν𝑅, L number violation)? 

     why 𝑚ν ≪ 𝑚𝑙,𝑞? mass theory? 

𝜃13 ≈ 8.4° (Daya Bay) 
 
𝛿𝐶𝑃 ≈ 3𝜋/2 (T2K, NOvA) 
 
 𝑚ν < 0.23 eV (Planck) 

ν𝑒 ↔ ν𝜇 (SNO):  ν𝜇 ↔ ν𝜏 (Super-K):  



Neutrino mass theories 
• “Weinberg operator” 

𝛼

Λ
(𝐿𝐻)(𝐿𝐻) minimally permits 

three tree-level seesaw mechanisms: 

  Type I (singlet fermion) 

  Type II (triplet scalar) 

  Type III (triplet fermion)   

• hybrid seesaws (e.g. Type I+II, I+III) 

• gauge extension (e.g. 𝑈(1)𝐵−𝐿, LRSM) 

• higher dimension operators 

• radiative mass models (e.g. Zee-Babu) 

  
Y. Cai, T. Han, T. Li, R. Ruiz, arXiv: 1711.02180 
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Type II Seesaw 
• Break B-L symmetry by adding a triplet Higgs to SM 

Δ = Δ++, Δ+, Δ0 ~ 1,3,1  

• Δ acquires a vev via its SM Higgs coupling: 

μ𝐻𝑇 𝑖𝜎2 Δ
† 𝐻 →  𝑣Δ = μ𝑣2/𝑀Δ

2 

• neutrino masses generated via  

    its Yukawa coupling: 

𝑌ν 𝐿
𝑇 𝐶 𝑖𝜎2Δ 𝐿 →  𝑚ν = 𝑌ν 𝑣Δ 

• 𝑀Δ can be of TeV scale if 𝑌ν or μ is small 

Konetschny, Kummer, 1977; Schechter, Valle, 1980; Cheng, Li, 1980;  

Lazarides, Shafi, Wetterich, 1981; Mohapatra, Senjanovic, 1981 



• Low energy neutrino oscillation data lead to correlations with the flavor 
structure of the lepton number violating decays of the charged Higgs 

bosons 𝐻±±, 𝐻±. 
• the division of 𝐻++ → 𝓵+𝓵+ (Γ ∝ 𝑌ν

2𝑀Δ) and 𝑊+𝑊+ (Γ ∝ 𝑣Δ
2𝑀Δ

3/𝑣4): 𝑣Δ ≈ 10−4 GeV 

• leptonic channels in 𝐻++𝐻−−, 𝐻±±𝐻∓ production at hadron collider 



current LHC bound: 𝑀𝐻++ ≳ 800 GeV for BR(𝓵+𝓵+)=100%, 𝓵 = 𝑒, μ  



Correlation 
• The Yukawa interactions of the doubly charged Higgs: 

𝑌ν 𝐿
𝑇 𝐶 𝑖𝜎2Δ 𝐿 → 𝑌ν

++ 𝓵𝐿
𝑇 𝐶 𝐻++ 𝓵𝐿 

𝑌ν
++ = 𝑈𝑃𝑀𝑁𝑆

∗𝑚ν
𝑑𝑖𝑎𝑔

𝑣Δ
𝑈𝑃𝑀𝑁𝑆

† 

 

 

 

• For 𝑣Δ < 10−4 GeV, the decay branching ratios of 

𝐻++ are only governed by 𝑌ν
++ 

 

P.F. Perez, T. Han, G.-Y. Huang, T. Li, K. Wang, arXiv: 0805.3536 



BR(ττ)~BR(μμ)>>BR(ee) in NH, BR(ττ)~BR(μμ)<BR(ee) in IH 
BR(μτ)>>BR(eμ),BR(eτ) in NH and IH 



Remark I:  

The channels with tau lepton in doubly charged Higgs 

decays play an important role in the correlation 

between neutrino oscillation data and Yukawa 

structure. 



Models with doubly charged Higgs 

• DCH can arise from different heavy scalar mediated 

neutrino mass mechanisms. 

 Type II Seesaw: 𝐿  𝑦 𝓵𝐿
𝑐𝓵𝐿Δ

++ + ℎ. 𝑐. 

 Zee-Babu model: 𝐿  𝑦 𝓵𝑅
𝑐𝓵𝑅𝜅

++ + ℎ. 𝑐.    𝜅++~(1,1,2) 

 

 

 

 

 

• how to discriminate them? (except total xsec) 

Zee, 1986; Babu, 1988  



Δ−− 

τ𝐿
− 

τ𝐿
− 

ν 

π− 

Type II: 

𝜅−− 

τ𝑅
− 

τ𝑅
− 

ν 

π− 
ZB: 

Consider tau decay mode 𝜏− → 𝜋−ν𝜏 



T. Li, arXiv: 1802.00945 



• This feature can also be understood by the distribution 

of the pion energy fraction (fragmentation function) 

  𝑧 ≡ 𝐸𝜋/𝐸𝜏= 𝑀𝓵π
2/𝑀𝐻++

2 (collinear limit) 

Sugiyama, Tsumura, 

Yokoya, 2012 



Remark II: 

Tau polarization can help to determine the chiral 

property of its parent particle and thus discriminate 

different heavy scalar mediated neutrino mass 

mechanisms, such as Type II Seesaw and Zee-Babu 

model. 

Constructed  TauDecay to simulate polarized tau decays  

(K. Hagiwara, T. Li, K. Mawatari, J. Nakamura, arXiv: 1212.6247) 



Remark III: 

Due to the low tau identification efficiencies, future 

colliders with high energy and luminosity enables one 

to investigate and search for doubly charged Higgs 

decaying to tau(s). 

 



Klute, 2016 



• HE-LHC physics goals: 

1. 2x LHC collision energy with FCC-hh magnet technology 

2. c.m. energy = 27 TeV ~ 14 TeV x 16 T/8.33 T 

3. target luminosity >= 4 x HL-LHC 

 

M. Benedikt, F. Zimmermann, 2017 

High-Energy LHC Machine 



Type II Seesaw at LHC upgrades 

• 𝑝𝑝 → 𝐻++𝐻−− → 𝜏±𝓵±𝓵∓𝓵∓ with 𝜏− → 𝜋−ν𝜏 (𝐵𝑅~11%) 

• realistic 𝐻++ decay BR in NH and IH 

 

 

 

 

• strengthened pT of 𝓵 and 𝜋;  

    𝑍 → 𝓵+𝓵− veto;  

    𝓵±𝓵± resonance 

    



T. Li, arXiv: 1802.00945 



LFV at CEPC 

Sui, Zhang, 2017 

T. Li, M. Schmidt, to appear 

• DCH mediates LFV processes at lepton colliders 

• left: 𝑒+𝑒− → 𝑒±𝜏∓ (𝜇±𝜏∓) through t channel 

• right: 𝑒−𝑒− → 𝑒−𝜏− (𝜇−𝜏−) through s channel 



Connection with dark matter 
 

• A simple way to allow for DM (singlet scalar D, Z2 

symmetry) in Type II Seesaw 

 

 

 

 

 

T. Li, N. Okada, Q. Shafi, arXiv: 1712.00869, arXiv: 1804.09835  

𝑉  λΔ 𝐷
2 𝑡𝑟(Δ†Δ) 

D 

D 

λΔ 

𝐻++ 

𝐻−− 

𝓵+ 

𝓵+ 

𝓵− 

𝓵− 



• Fit 𝑒± spectrum (AMS-02, DAMPE, Fermi-LAT) 

 

IH more preferred 

T. Li, N. Okada, Q. Shafi, arXiv: 1712.00869, arXiv: 1804.09835  



Summary 
• The tau lepton plays important role in correlating 

neutrino oscillation data and Yukawa structure, and 

determining the chirality nature in heavy scalar 

mediated neutrino mass models, in light of the 

neutrino oscillation experiments and its polarization 

measurement. 

• The leptonic processes (LNV & LFV) with tau lepton 

from doubly charged Higgs can be probed at 

future colliders. 

 

Thank you! 


