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Neutrino Mass Problem
!𝒎	 𝝂 ≲ 𝟎. 𝟏𝟐	𝒆𝑽

from Planck satellite 

Seesaw mechanism
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The lightness of the observed neutrinos is explained by heavy right-
handed neutrinos, 



Testing Neutrino Masses Ordering at Colliders?
• Collider can probe Neutrino Mass Origin

• Can we probe Mass Ordering?
   

• Two Neutrino mass ordering

• Normal hierachy

    𝒎𝟑 ≫ 𝒎𝟐, 𝒎𝟏 = 𝟎

• Inverted hierachy

   𝒎𝟏 ≈ 𝒎𝟐, 𝒎𝟑 = 𝟎



Flavor Mixing of RHN
• Casas-Ibarra

• NH and IH
  Assume two nearly degenerate RHNs

• Active-sterile mixing

                                   𝒎𝑵 ≈ 𝑴𝟐,𝟑

NH:

IH:

𝑌



Flavor Mixing of RHN
• PMNS Matrix

Only one Majorana phase is free

𝑈𝑃𝑀𝑁𝑆

|𝑈𝑃𝑀𝑁𝑆|
𝑒3
𝜇3
𝝉3
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Flavor Mixing of RHN
• NH
    𝒎𝟑 ≫ 𝒎𝟐, 𝒎𝟏 = 𝟎

    𝑪𝒆
± ≈ 𝑼𝒆𝟑

𝑷𝑴𝑵𝑺 𝒎𝟑
   𝑪𝝁,𝝉

± ≈ 𝑼𝝁,𝝉𝟑
𝑷𝑴𝑵𝑺 𝒎𝟑 

 
   |𝑼𝒆𝟑

𝑷𝑴𝑵𝑺|<|𝑼𝝁,𝝉𝟑
𝑷𝑴𝑵𝑺|,  𝜹 and 𝜶𝒊𝒋 are free

• 𝑼𝒆𝑵
𝟐 ≪ 𝑼𝝁,𝝉𝑵

𝟐

• 𝑼𝒆𝑵
𝟐  /𝑼𝒕𝒐𝒕

𝟐 ≈ [𝟎. 𝟎𝟎𝟑, 𝟎. 𝟏𝟒], range from phase cancellation 
of 𝒎𝟐 term

• 𝑼𝝁,𝝉𝑵
𝟐 /𝑼𝒕𝒐𝒕

𝟐  ≈ [𝟎. 𝟏𝟏(𝟎𝟗), 𝟎. 𝟖𝟖(𝟎. 𝟖𝟔)]



Flavor Mixing of RHN
• IH
    𝒎𝟏 ≈ 𝒎𝟐, 𝒎𝟑 = 𝟎

    𝑪𝒆
± ≈ 𝑼𝒆𝟏

𝑷𝑴𝑵𝑺 𝒎𝟏+𝑼𝒆𝟐
𝑷𝑴𝑵𝑺 𝒎𝟐

   𝑪𝝁,𝝉
± ≈ 𝑼𝝁,𝝉𝟏

𝑷𝑴𝑵𝑺 𝒎𝟏 +𝑼𝝁,𝝉𝟐
𝑷𝑴𝑵𝑺 𝒎𝟐

• 𝑼𝒆𝑵
𝟐  /𝑼𝒕𝒐𝒕

𝟐 ≈ [𝟎. 𝟎𝟐𝟏, 𝟎. 𝟗𝟔], 𝒎𝟏,𝟐 term can cancel totally
• 𝑼𝝁𝑵

𝟐 /𝑼𝒕𝒐𝒕
𝟐  ≈ [𝟎, 𝟎. 𝟓𝟕]

• 𝑼𝝉𝑵
𝟐 /𝑼𝒕𝒐𝒕

𝟐  ≈ [𝟎, 𝟎. 𝟔𝟏]

|𝑼𝒆𝟏
𝑷𝑴𝑵𝑺| is the largest



Flavor Mixing of RHN
• NH/IH RHNs have different flavor mixing pattern

    NH:     𝑼𝒆𝑵
𝟐 ≪ 𝑼𝝁,𝝉𝑵

𝟐

   IH:     𝑼𝒆,𝝁,𝝉𝑵
𝟐  can be similar

• Independent of Mass and total mixing
• also See M. Drewes, Eur.Phys.J.C 82 (2022) 12, 1176
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Flavor Mixing of RHN
• Narrow down from Dirac CP phase 𝜹
• T2K center (Red):    𝜹=-𝝅/𝟐, assume ± 𝟖 degree
• Nova center (Brown):   𝜹=148 Degree, assume ± 𝟕 degree

• Still a lot freedom in Majorana CP, 𝜹 + 𝜶𝒊𝒋
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Colliders Observables
• Probing flavor mixing at lepton colliders, CEPC/FCC-ee

• Lepton flavor violation signatures 

    However small cross section

• Z decay dominanting
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Colliders Observables
• Map into Observables

• We can measure the flavor mixing to probe mass orderings
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Statistical Analysis
• Lepton Flavor final states can determine 𝑹𝜶

𝒐𝒃𝒔

• NH/IH predicted 𝑹𝜶
𝑵𝑯/𝑰𝑯

• We need large number of events to falsify NH/IH

• 𝜒2 analysis is employed

• The smallest 𝜒2 is taken to tell whether NH/IH is  disfavored
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Test Mass Ordering
• Color Scheme

• 𝑼𝒕𝒐𝒕
𝟐 =𝟒×𝟏𝟎−𝟗, 𝒎𝑵 =50 GeV; 𝑼𝒕𝒐𝒕

𝟐 =𝟏𝟎−𝟖, 𝒎𝑵 =50 GeV

• No test                                                      Only small fraction
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Test Mass Ordering
• Color Scheme

• 𝑼𝒕𝒐𝒕
𝟐 =𝟏𝟎−𝟕, 𝑴𝑵 =50 GeV; 𝑼𝒕𝒐𝒕

𝟐 =𝟏𝟎−𝟓, 𝑴𝑵 =50 GeV

• Half of parameter space can be identified;   Nearly best to test NH/IH                                                       
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Test Mass Ordering
• Quantify the distinguishability
     The area in Log10 scale

•  Contours of K  in of FCC-ee/CEPC                                      
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Synergy with JUNO
• JUNO can determine mass orderings before colliders!
•  It is still worth to perfrom such studies at Colliders
• Conflicts between the two means 3RHNs or NSI, See 2407.13620 

Blue, furthest from NH
Purple, furthest from IH

A

B
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Conclusion
• Collider can test origin of the neutrino masses

• NH/IH mass orderings lead to different 𝑼𝜶𝑵
𝟐  /𝑼𝒕𝒐𝒕

𝟐    

• We can test mass orderings by measuring the lepton final states of 
RHNs

• Flaws:
• We need to assume that RHNs can be produced at colliders
•  JUNO can probe neutrino mass orderings before that

• Outlook:
• If JUNO and Colliders conflict, there can be 3 RHNs, instead of 2
• Collider searches of RHNs lepton final states, can help deterimine the 

CP phase 𝜹 + 𝜶𝒊𝒋
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Model Parameters
• 4 Free Parameters

• Mass of the 𝐑𝐇𝐍𝐬 𝐦𝐍, mass splitting (not considered)

• Total Active Sterile Mixing 𝑼𝒕𝒐𝒕
𝟐 , controlled by 𝜴 matrix

•  Dirac/Majorana CP Phase 𝜹, 𝜶𝒊𝒋, control 𝑼𝜶𝑵
𝟐  /𝑼𝒕𝒐𝒕

𝟐

• Input Parameters
      neutrino oscillation data into PMNS, small variation to 𝑼𝜶𝑵

𝟐  /𝑼𝒕𝒐𝒕
𝟐


