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Motivation

1. Gauge hierarchy problem1. Gauge hierarchy problem1. Gauge hierarchy problem1. Gauge hierarchy problem

� No SUSYNo SUSYNo SUSYNo SUSY particle so farparticle so farparticle so farparticle so far

� An alternativeAn alternativeAn alternativeAn alternative :   Coleman:   Coleman:   Coleman:   Coleman----Weinberg mechanism  Weinberg mechanism  Weinberg mechanism  Weinberg mechanism  [‘73][‘73][‘73][‘73]

Classically Conformal InvarianceClassically Conformal InvarianceClassically Conformal InvarianceClassically Conformal Invariance +          +          +          +          Quantum CorrectionQuantum CorrectionQuantum CorrectionQuantum Correction

⇓⇓⇓⇓ ⇓⇓⇓⇓

Massless Massless Massless Massless LagranginLagranginLagranginLagrangin @ Tree level@ Tree level@ Tree level@ Tree level Mass generationMass generationMass generationMass generation

2. C.W. mechanism for SM ?2. C.W. mechanism for SM ?2. C.W. mechanism for SM ?2. C.W. mechanism for SM ?

� Too large Too large Too large Too large mmmmtttt[173GeV] for C.W. [173GeV] for C.W. [173GeV] for C.W. [173GeV] for C.W. 

－＞－＞－＞－＞ SM Higgs field is unbounded below   SM Higgs field is unbounded below   SM Higgs field is unbounded below   SM Higgs field is unbounded below   [‘79 [‘79 [‘79 [‘79 FujikawaFujikawaFujikawaFujikawa] ] ] ] 

� Extension is needed for C.W.  Extension is needed for C.W.  Extension is needed for C.W.  Extension is needed for C.W.  

－＞－＞－＞－＞ ex. ) U(1)ex. ) U(1)ex. ) U(1)ex. ) U(1)BBBB----LLLL extension   extension   extension   extension   [’09 [’09 [’09 [’09 IsoIsoIsoIso, Okada, , Okada, , Okada, , Okada, OrikasaOrikasaOrikasaOrikasa]]]]



3. Higgs discovery and its vacuum instability

� Top quark mass: 173.34173.34173.34173.34 ± 0.76 GeV            [2014 March, Tevatron and LHC]

� Higgs mass: 125.09  125.09  125.09  125.09  ± 0.21(stat.) ± 0.11(syst.) GeV 

[2015 March, ATLAS and CMS]

we used the data of 2014 for the Higgs mass 125.03 GeV [‘[‘[‘[‘15 15 15 15 S. OdaS. OdaS. OdaS. Oda, , , , N. OkadaN. OkadaN. OkadaN. Okada, , , , D.T.]D.T.]D.T.]D.T.]



3. LHC results3. LHC results3. LHC results3. LHC results
[ [ [ [ Higgs MassHiggs MassHiggs MassHiggs Mass + + + + Top Top Top Top QQQQuark Massuark Massuark Massuark Mass ]]]]

� SM has negative SM has negative SM has negative SM has negative Higgs quartic coupling λHiggs quartic coupling λHiggs quartic coupling λHiggs quartic coupling λ at at at at high energy scale.high energy scale.high energy scale.high energy scale.
(cf. U(1)(cf. U(1)(cf. U(1)(cf. U(1)BBBB----LLLL has also same situation.)has also same situation.)has also same situation.)has also same situation.)

� It might not be a problem,It might not be a problem,It might not be a problem,It might not be a problem,

if a Vacuum Transitional time if a Vacuum Transitional time if a Vacuum Transitional time if a Vacuum Transitional time (τ (τ (τ (τ =1/=1/=1/=1/ΓΓΓΓfalsefalsefalsefalse ----> true> true> true> true)))) >  a Lifetime of the Universe.>  a Lifetime of the Universe.>  a Lifetime of the Universe.>  a Lifetime of the Universe.

� What is the Shape What is the Shape What is the Shape What is the Shape of of of of 2 2 2 2 FieldsFieldsFieldsFields EEEEffective ffective ffective ffective PPPPotential otential otential otential VVVVeffeffeffeff(H, Φ(H, Φ(H, Φ(H, Φ) in ) in ) in ) in Extended Extended Extended Extended 
MMMModelsodelsodelsodels????

－＞－＞－＞－＞ Flat direction toward the true vacuumFlat direction toward the true vacuumFlat direction toward the true vacuumFlat direction toward the true vacuum [Problem][Problem][Problem][Problem]？？？？

Motivation

1D potential

V(H)



4. 4. 4. 4. ““““GeneralGeneralGeneralGeneral”””” U(1) extension  +  C.W.     U(1) extension  +  C.W.     U(1) extension  +  C.W.     U(1) extension  +  C.W.     [‘15  S. Oda, N. Okada, D. Takahashi][‘15  S. Oda, N. Okada, D. Takahashi][‘15  S. Oda, N. Okada, D. Takahashi][‘15  S. Oda, N. Okada, D. Takahashi]

� NonNonNonNon----negative negative negative negative λλλλ coupling at all energy coupling at all energy coupling at all energy coupling at all energy scale   [scale   [scale   [scale   [Higgs Higgs Higgs Higgs vacuum vacuum vacuum vacuum is stableis stableis stableis stable]]]]

� Testable Testable Testable Testable TeV scale Z’ boson @ TeV scale Z’ boson @ TeV scale Z’ boson @ TeV scale Z’ boson @ LHCLHCLHCLHC

� Providing “Providing “Providing “Providing “Gauge HierarchyGauge HierarchyGauge HierarchyGauge Hierarchy”, “”, “”, “”, “Mass OriginMass OriginMass OriginMass Origin”, ”, ”, ”, 

““““EW sym. breakingEW sym. breakingEW sym. breakingEW sym. breaking”, and “”, and “”, and “”, and “Tiny neutrino massTiny neutrino massTiny neutrino massTiny neutrino mass” ” ” ” 

Solving instability by Generanl U(1) extention



1. The model Classically Conformal SU(3)C×SU(2)L×U(１)Y×U(1)’

U(1)’ :  linear combination U(1)Y + U(1)B-L

[’15 S. Oda, N. Okada, and D. Takahashi]



2. Radiative U(1)’ symmetry breaking

� Classically conformal symmetry

� Coleman-Weinberg potential at 1-loop level

* Assuming the mixing between two Higgs sectors are small, 

we first consider U(1)’ sector.



3. Radiative U(1)’ symmetry breaking (cont’d)

Stationary condition that the potential realizes a 
minimum at                   leads to    

U(1)’ symmetry is broken by radiative corrections 

Connected λφ with gX

Renormalization condition of λφ



4. Mass spectrum

U(1)’ sym. breaking

� The U(1)’ gauge boson (Z’ boson)

� The right-handed Majorana neutrinos 

� The U(1)’ Higgs boson

Z’ Z’

h, φ h, φ

0000

： Renoramalization condition



5. Electroweak (EW) symmetry breaking

� U(1)’ sym. breaking naturally triggers EW sym. breaking

:  λmix boundary condition at vφ

U(1)’ sym. breaking

EW sym. breaking

λH～ 0.1 and vφ 10 [TeV] by LEP [hep-ex:0312023, hep-ph:0408098].   |λmix |≦ 10-5

λmix < 0



*Connected the U(1)’ RGEs to the SM RGEs at vφ (the U(1)’ sym. breaking scale).

2-loop level6. λH : SM Higgs quartic running coupling
[Higgs vacuum Instability and Stability]

λH is positive @ all scacle
[stable]

SM Higgs quartic λH is negative
[instable]



7. 3D Parameter Scan [free : xH, gX, vφ ] 

2-loop level

* The U(1)’ gauge coupling constant gX always appears with xΦ or XH.
---- >  We fix xΦ=2 without loss of generality.



8. 2D Parameter Scan ( xH, gX, vφ )

Remark:

Vφ=23TeV gX=0.09

B-L ： not touched orthogonal : not touched

U(1)_R ：OK

* The U(1)’ gauge coupling constant gX always appears with xΦ or XH.
---- >  We fix xΦ=2 without loss of generality.



9. LHC Run-2 bounds on Z’ mass
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10. Z’SSM search [ATLAS]

Survived  



10-2. Z’SSM search [CMS]



11. Naturalness of the SM Higgs mass

Veff for h2Φ2 term

Renormalization condition

①①①①

②②②②

③③③③

①①①① ②②②② ③③③③



11-2. Naturalness of the SM Higgs mass

Veff(h
2Φ2 ) term

Renormalization condition

2-loop effectdominant

small

Fine-tuning level



12-1. Z’ boson search ( xH, gX, vφ=23TeV )

Remark:



12-2. Z’ boson search ( xH, gX=0.09, vφ )

Remark:



12-3. Z’ boson search ( xH=2, gX, vφ )

Remark:

Run-2 bound is 500～600 GeV higher than RUN1 one.



12-4. Z’ boson search ( xH= －2.5, gX, vφ )

Remark:



13. Summary and Conclusion
2-loop Classically conformal U(1)’ extended SM 

� New Particles in addition to the SM:
� Complex scalar singlet (Φ) ⇐ Seesaw, CW
� Right-handed neutrinos (νR) [3 generations]         ⇐ Neutrino Oscillation, Seesaw
� U(1)’ gauge boson (Z’)

� The model provides explanations to important issues in the SM:
� [A] Gauge Hierarchy
� [B] Origin of Mass  [Dimensional Transmutation]
� [C] Origin of EW Symmetry Breaking
� [D] Tiny neutrino mass [seesaw mechanism]
� [E] @ 2-loop level, more easily realize the SM Higgs vacuum stability

Phenomenology and Run-2 results 
� The model is also Testable @ LHC Run-2 with a 13-14 TeV

� TeV scale new physics prediction with Naturalness
� Radiative U(1)’ sym. breaking naturally at TeV scale by C.W. mechanism
� Z’ boson also naturally @ TeV scale
� Run-2 Z’ boson mass bound is 500～600 GeV higher than Run1 one



THE END

Thank you very much

OIST Campus


