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Non-minimal Higgs Sector ? 

ü  SM Doublet + Singlet 
ü  SM Doublet + Doublet 
ü  SM Doublet + Triplet 
ü  SM Doublet + Septet 

 …  
ü  SM Doublet + Doublets 
ü  SM Doublet + Triplets 

  … 

Gauged B-L model 

SUSY Higgs Sector 
2HDM 

Type-II seesaw for v 

Georgi-Machacek model 
(Classical custodial sym.) 

Models based on flavor sym. 

26-plet, 97-plet, … 

ρ=1 w/o custodial sym. 
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SM + Singlet 10  
- Singlet VEV does not contribute EWSB 
 
 

- Higgs-Mixing (hSM-S) : α	  
 V

V

h

F

F

h

(Electroweak Symmetry Breaking) 

Higgs couplings are reduced by a factor cos(α)	
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SM + Doublet 21/2 

- Doublet VEV contributes EWSB (VEV mixing)  
 

 
 
- Higgs-Mixing (h1-h2) : α	  
 V

V

h

F

F

h

Higgs couplings depend on α	  and	  β	
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SM + Triplet 31 

- Triplet VEV contributes EWSB differently 
 

 
 
 

V

V

h

F

F

h

Higgs couplings depend on α	  and	  βV	
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(KW≠KZ) 



SM + Triplet 31 

- Triplet VEV contributes EWSB differently 
 

 
 
 

VEV of exotic multiplet is constrained severely 
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(KW≈KZ) 



SM + Triplets 31 + 30 

- Triplet VEVs contribute EWSB differently 
 

 
 
 

Georgi-Machacek Model 
(Classical custodial sym.) 

V

V

h

VEV alignment 

KV can be as large as 1 (cf. septet)  
KW = KZ 
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What we have learned? 
ü   Higgs couplings are determined                                   

   by Higgs mixing α and VEV mixing β 
ü   KW and KZ can be different 
ü   VEV alignment accommodates “ρ	  =1” If so, KW = KZ 
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SM Doublet + something = “Extended” Higgs Sector 



Can we predict KW≠KZ ? 
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Non-minimal Higgs Sector ? 

ü  SM Doublet + Singlet 
ü  SM Doublet + Doublet 
ü  SM Doublet + Triplet 
ü  SM Doublet + Septet 

 …  
ü  SM Doublet + Doublets 
ü  SM Doublet + Triplets 

  … 

Gauged B-L model 

SUSY Higgs Sector 
2HDM 

Type-II seesaw for v 

Georgi-Machacek model 
(Classical custodial sym.) 

Models based on flavor sym. 

26-plet, 97-plet, … 

ρ=1 w/o custodial sym. 

SM Doublet + “Higgs fields” = 0HDM 

Standard Model 
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Extensions of SM 

0HDM 

SM	
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No SM limit 



Rule of this Game 
ü  No Higgs Doublet   
ü BEH mech. : Comb. of Higgs multiplets  

   ( ≥ 3-plet is needed in order to break EW sym. ) 
 
 
 

ü  Fermion mass : Effective Higgs doublet ?  

Let’s take one 3-plet (minimal) 

Let’s take one 4-plet (next minimal) 

Without spoiling the success in the SM fermion sector 

6 2014/10/6-10 LCWS2014 Koji TSUMURA (Kyoto U.) 



　 

SM 

 
 
 
 

Extensions of SM 

0HDM 

SM	
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EWSB Sector 
Contrib. to MV from                                      repr. 

 

Massless Fermions 
(mismatch of Y) 

ρ=1 is realized if  
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Fermion Mass Generation 
The effective Yukawa int.  

Treat as Effective doublet 

Decomposition 
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Fermion Mass Generation 
The effective Yukawa int.  

Decomposition 

Vectorlike Fermions : U ~ 3-1/3 

Note 1 : MU ≥ 700 GeV 
Note 2 : 3 ßà 4, then U ~ 4 
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Neutrino Mass 
Type-II Seesaw mechanism 
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Higgs Coupling 
VEV mixing : v3/v4=√3   Higgs mixing (h3-h4) : Θ0 

SM 
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Signal strength 
ggàh, hàVV (V=W,Z)  

SM 

Signal strength 

@CMSexperiment @ICHEP2014 a.david@cern.ch 
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!  Grouped by dominant 
decay: 
! χ2/dof = 0.9/5 
! p-value = 0.97 

(asymptotic) 

[CMS-PAS-HIG-14-009] 
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Figure 1: The measured signal strengths for a Higgs boson of mass mH =125.5 GeV, normalised to the
SM expectations, for the individual final states and various combinations. The best-fit values are shown
by the solid vertical lines. The total ±1� uncertainties are indicated by green shaded bands, with the
individual contributions from the statistical uncertainty (top), the total (experimental and theoretical)
systematic uncertainty (middle), and the theory uncertainty (bottom) on the signal strength (from QCD
scale, PDF, and branching ratios) shown as superimposed error bars. The measurements are based on
Refs. [3, 5, 6], with the changes mentioned in the text.

Section 2. In the H ! ⌧⌧ channel, the ratio µVBF+VH/µggF+ttH has an infinite 1� upper bound, because
the signal is almost only observed in the VBF mode, hence the ggF denominator can be arbitrarily small.

To test the sensitivity to VBF production alone, the data are also fitted with the ratio µVBF/µggF+ttH .
In order not to influence the VBF measurement through the VH categories, the parameter µVH/µggF+ttH
is treated independently and profiled. A value of

µVBF/µggF+ttH = 1.4+0.5
�0.4 (stat) +0.4

�0.3 (sys)

is obtained from the combination of the four channels (Fig. 4). This result provides evidence at the 4.1�
level that a fraction of Higgs boson production occurs through VBF.
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Combined signal strength

8

iv.b Combining Coupling measurements

Combined signal strength results for µ and µVBF+VH/µggF+ttH:

) µSignal strength (
-0.5 0 0.5 1 1.5 2

ATLAS Prelim.

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s

-1Ldt = 20.3 fb∫ = 8 TeV s

 = 125.5 GeVHm

0.28-
0.33+ = 1.57µ

γγ →H 

 0.12-
 0.17+
 0.18-
 0.24+
 0.22-
 0.23+

0.35-
0.40+ = 1.44µ

 4l→ ZZ* →H 

 0.10-
 0.17+
 0.13-
 0.20+
 0.32-
 0.35+

0.29-
0.32+ = 1.00µ

νlν l→ WW* →H 

 0.08-
 0.16+
 0.19-
 0.24+
 0.21-
 0.21+

0.20-
0.21+ = 1.35µ

, ZZ*, WW*γγ→H
Combined

 0.11-
 0.13+
 0.14-
 0.16+
 0.14-
 0.14+

0.6-
0.7+ = 0.2µ

b b→W,Z H 
<0.1

0.4±

0.5±

0.4-
0.5+ = 1.4µ

(8 TeV data only)  ττ →H 

 0.1-
 0.2+
 0.3-
 0.4+
 0.3-
 0.3+

0.32-
0.36+ = 1.09µ

ττ, bb→H
Combined

 0.04-
 0.08+
 0.21-
 0.27+
 0.24-
 0.24+

0.17-
0.18+ = 1.30µ

Combined
 0.08-
 0.10+
 0.11-
 0.14+
 0.12-
 0.12+

Total uncertainty
µ on σ 1±

(stat.)σ

)theory
sys inc.(σ

(theory)σ

Figure 1: The measured signal strengths for a Higgs boson of mass mH =125.5 GeV, normalised to the
SM expectations, for the individual final states and various combinations. The best-fit values are shown
by the solid vertical lines. The total ±1� uncertainties are indicated by green shaded bands, with the
individual contributions from the statistical uncertainty (top), the total (experimental and theoretical)
systematic uncertainty (middle), and the theory uncertainty (bottom) on the signal strength (from QCD
scale, PDF, and branching ratios) shown as superimposed error bars. The measurements are based on
Refs. [3, 5, 6], with the changes mentioned in the text.

Section 2. In the H � �� channel, the ratio µVBF+VH/µggF+ttH has an infinite 1� upper bound, because
the signal is almost only observed in the VBF mode, hence the ggF denominator can be arbitrarily small.

To test the sensitivity to VBF production alone, the data are also fitted with the ratio µVBF/µggF+ttH .
In order not to influence the VBF measurement through the VH categories, the parameter µVH/µggF+ttH
is treated independently and profiled. A value of

µVBF/µggF+ttH = 1.4+0.5
�0.4 (stat) +0.4

�0.3 (sys)

is obtained from the combination of the four channels (Fig. 4). This result provides evidence at the 4.1�
level that a fraction of Higgs boson production occurs through VBF.
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Figure 3: Measurements of the µVBF+VH/µggF+ttH ratios for the individual final states and their combi-
nation, for a Higgs boson mass mH =125.5 GeV. The best-fit values are represented by the solid vertical
lines, with the total ±1� and ±2� uncertainties indicated by the green and yellow shaded bands, re-
spectively, and the statistical uncertainties by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the statistical uncertainty (top), the total (experimental
and theoretical) systematic uncertainty (middle), and the theoretical uncertainty (bottom) on the signal
cross section (from QCD scale, PDF, and branching ratios) alone. For a more complete illustration, the
likelihood curves from which the total uncertainties are extracted are overlaid. The measurements are
based on Refs. [3, 6], with the changes mentioned in the text.

means in particular that the observed state is assumed to be a CP-even scalar as in the SM (this
assumption was tested by both the ATLAS [15] and CMS [16] Collaborations).

The LO-motivated coupling scale factors � j are defined in such a way that the cross section � j and
the partial decay width � j associated with the SM particle j scale with the factor �2

j when compared to
the corresponding SM prediction. Details can be found in Refs. [14, 17].

In some of the fits the e�ective scale factors �� and �g for the processes H � �� and gg � H, which
are loop-induced in the SM, are treated as a function of the more fundamental coupling scale factors �t,
�b, �W, and similarly for all other particles that contribute to these SM loop processes. In these cases
the scaled fundamental couplings are propagated through the loop calculations, including all interference
e�ects, using the functional form derived from the SM. Similarly the scaling of the VBF cross section

8

Overall signal production strength: µ = 1.30+0.18
�0.17

Evidence for VBF+VH: µVBF+VH/µggF+ttH = 1.4+0.7
�0.5

10 / 21

µVBF+VH/µttH+ggF  
= 1.4+0.7-0.5Combined µ = 1.30 +0.18-0.17

3.7σ

4.1σ

ATLAS-CONF-2014-009
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γγ	  is less predictive because of  
ambiguity in the Higgs potential  

Coinsidence 



Signal strength 
ggàh, hàVV (V=W,Z)  
 
 
 

 
ggàh, hàττ 
 

SM 
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Figure 9: The best-fit value for the signal strength µ in the individual channels and the combination.
The total ±1σ uncertainty is indicated by the shaded green band, with the individual contributions from
the statistical uncertainty (top, black), the total (experimental and theoretical) systematic uncertainty
(middle, blue), and the theory uncertainty (bottom, red) on the signal cross section (from QCD scale,
PDF, and branching ratios) shown by the error bars and printed in the central column.
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Figure 13: Likelihood contours for the H → ττ channel in the (µggF × B/BSM, µVBF+VH × B/BSM) plane
are shown for the 68% and 95% CL by dashed and solid lines, respectively, for mH = 125 GeV. The
SM expectation and the one corresponding to background-only hypothesis are shown by a filled plus and
an open plus symbol, respectively. The best-fit to the data is shown for the case when both the µggF and
µVBF+VH are unconstrained.

31

Our Prediction 

ATLAS-CONF-2013-008 

SM 
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Decoupling 
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Top-loop Vector-Fermion-loop 

Non-decoupling for Mt à  ∞ Decoupling for MT à  ∞ 
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Flavor Changing Neutral Current 
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Diagonalized Simultaneously  
with Mass Matrix 
(Similar to the SM case) 

Loop level 
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Summary 
ü   SM-like Higgs boson can be realized without Higgs doublet 

0HDM (Minimal)  = 3plet + 4plet 

One has to pay the Price 
l ρ	  =1  VEV alignment 
l MF  Vectorlike fermions 
l KX  Higgs mixing 

Fin. 2014/10/6-10 LCWS2014 Koji TSUMURA (Kyoto U.) 

(KW≠KZ) 
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Relation between μ and Higgs Couplings 

Note : fermionic (& gluonic via Yukawa) decay dominate (~75%) 
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Relation between μ and Higgs Couplings 

Production Decay LO SM 
VH Hàbb ~(KV

2xKF
2)/(¾KF

2+¼KV
2) 

ttH Hàbb ~(KF
2xKF

2)/(¾KF
2+¼KV

2) 
VBF/VH Hàττ ~(KV

2xKF
2)/(¾KF

2+¼KV
2) 

ggH Hàττ ~(KF
2xKF

2)/(¾KF
2+¼KV

2) 
ggH HàZZ ~(KF

2xKV
2)/(¾KF

2+¼KV
2) 

ggH HàWW ~(KF
2xKV

2)/(¾KF
2+¼KV

2) 
VBF/VH HàWW ~(KV

2xKV
2)/(¾KF

2+¼KV
2) 

ggH Hàγγ ~KF
2(8.6KV-1.8KF+Scalar)2/(¾KF

2+¼KV
2) 

VBF Hàγγ ~KV
2(8.6KV-1.8KF+Scalar)2/(¾KF

2+¼KV
2) 

Need to be fixed scalar sector 
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