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“the” = Higgs boson (h) in the SM 

  Minima for the Higgs boson 
  The vacuum expectation value [VEV] (                  ) of                     

the Higgs boson triggers electroweak symmetry breaking [EWSB] 
 generate weak gauge boson masses 

  Fermion masses are generated via Yukawa interaction 

  “Mass” and “Coupling” relation 
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The Higgs boson 
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Precision coupling measurement 

“Finger-printing” Models 
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MSSM / Type II 2HDM 

Composite Higgs 
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Electroweak Baryogenesis 
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Higgs Coupling Precision with ILC Full Program (Model-Independent Analysis) 
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ILC

LHC14TeV 300fb−1, ILC250GeV 250fb−1, ILC500GeV 500fb−1, ILC 1TeV
1000fb−1

Peskin, arXiv:1207.2516
棚橋誠治 (名大) LHC でヒッグス以外見えないとき何をすべきか 2013/05/25 20 / 19

Is the deviation in hVV always negative? 

Deviations = New Physics 

M. Peskin arXiv:1207.2516 
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  Electroweak (EW) ρ parameter 

  For an arbitrary number of Higgs field with an isospin (    ),            
a U(1)Y hypercharge (    ) and a VEV (    ) 

How can we extend the SM? 

3 



Koji TSUMURA (Nagoya U.) SUSY2013, Aug 26-31 

  Electroweak (EW) ρ parameter 

  For an arbitrary number of Higgs field with an isospin (    ),            
a U(1)Y hypercharge (    ) and a VEV (    ) 

How can we extend the SM? 

3 

Fermi constant SU(2)L doublet in the SM 
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How can we extend the SM? 

  Electroweak (EW) ρ parameter 

  For an arbitrary number of Higgs field with an isospin (    ),            
a U(1)Y hypercharge (    ) and a VEV (    ) 

  Very accurately measured & consistent with the SM 

3 

Most important test of the SM [SU(2)L x U(1)Y structure] 
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  Electroweak (EW) ρ parameter 

  For an arbitrary number of Higgs field with an isospin (    ),            
a U(1)Y hypercharge (    ) and a VEV (    ) 

How can we extend the SM? 

3 

SU(2)L triplet in a triplet model w/o the doublet 
obviously different from unity 
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  Electroweak (EW) ρ parameter 

  For an arbitrary number of Higgs field with an isospin (    ),            
a U(1)Y hypercharge (    ) and a VEV (    ) 

SU(2)L triplet in a triplet model w/o the doublet 

How can we extend the SM? 

3 
the SM doublet w/ a SU(2)L triplet (Higgs triplet model [HTM]) <Δ0> has to be very small 

  (less contributions to EWSB) 
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How can we extend the SM? 

  Electroweak (EW) ρ parameter 

  For an arbitrary number of Higgs field with an isospin (    ),            
a U(1)Y hypercharge (    ) and a VEV (    ) 

  Very accurately measured & consistent with the SM 

3 

Most important test of the SM [SU(2)L x U(1)Y structure] 

ρ=1 seems to be a good guideline to construct Beyond the SM 
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Redefine to make them integers 
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Why Higgs septet? 

  ρ=1 leads Pell’s equation (in Number theory)  

 with 

  Trivial solution: (x,y)=(1,0) for arbitrary n 

4 

The SM singlet real scalar 
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Why Higgs septet? 

  ρ=1 leads Pell’s equation (in Number theory)  

 with 

  Trivial solution: (x,y)=(1,0) for arbitrary n 

  Fundamental sol.: (x1,y1)=(2,1) for n=3 [“the” Higgs field in the SM] 

4 

SU(2) doublet w/ Y=1/2 
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Why Higgs septet? 

  ρ=1 leads Pell’s equation (in Number theory)  

 with 

  Trivial solution: (x,y)=(1,0) for arbitrary n 

  Fundamental sol.: (x1,y1)=(2,1) for n=3 [“the” Higgs field in the SM] 

  General sol.: 

4 

SU(2) doublet w/ Y=1/2 

 Bhaskara II (1150) 
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Why Higgs septet? 

  ρ=1 leads Pell’s equation (in Number theory)  

 with 

  Trivial solution: (x,y)=(1,0) for arbitrary n 

  Fundamental sol.: (x1,y1)=(2,1) for n=3 [“the” Higgs field in the SM] 

  General sol.: 

  Next minimal sol.: (x2,y2)=(7,4)  

4 

SU(2) doublet w/ Y=1/2 

SU(2) septet w/ Y=2 

Septet can have sizable VEV & give significant contributions to EWSB!! 
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Why Higgs septet? 

  Models with ρtree=1 
At least 1 Higgs doublet is required to have Yukawa interaction (mass generation for SM fermions) 

  SM [1 Higgs doublet] 

5 
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Why Higgs septet? 

  Models with ρtree=1 
At least 1 Higgs doublet is required to have Yukawa interaction (mass generation for SM fermions) 

  SM [1 Higgs doublet] 
  2HDM [2 Higgs doublet] 

  MSSM (Minimal Supersymmetric SM) 

          an even number of Higgs doublets is required by the theory  
          (holomorphy of superpotential, anomaly cancellation, mass generation of up & down)  

  Zee model (a radiative seesaw model for neutrino mass generation) 

          at least 2 Higgs doublets is required to have lepton number violation  

  etc. 
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Why Higgs septet? 

  Models with ρtree=1 
At least 1 Higgs doublet is required to have Yukawa interaction (mass generation for SM fermions) 

  SM [1 Higgs doublet] 
  2HDM [2 Higgs doublet] 

  MSSM (Minimal Supersymmetric SM) 

          an even number of Higgs doublets is required by the theory  
          (holomorphy of superpotential, anomaly cancellation, mass generation of up & down)  

  Zee model (a radiative seesaw model for neutrino mass generation) 

          at least 2 Higgs doublets is required to have lepton number violation  

  etc. 

  New [1 Higgs doublet + 1 Higgs septet] 
  etc. (usually VEV alignment is required)  
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Physical Higgs bosons 

  Models with ρtree=1 
At least 1 Higgs doublet is required to have Yukawa interaction (mass generation for SM fermions) 

  SM [1 Higgs doublet] 
  2HDM [2 Higgs doublet] 

  MSSM (Minimal Supersymmetric SM) 

          an even number of Higgs doublets is required by the theory  
          (holomorphy of superpotential, anomaly cancellation, mass generation of up & down)  

  Zee model (a radiative seesaw model for neutrino mass generation) 

          at least 2 Higgs doublets is required to have lepton number violation  

  etc. 

  New [1 Higgs doublet + 1 Higgs septet] 
  etc. (usually VEV alignment is required)  

5 

h 

h, H, A, H± 

h, H, A, H1±, H2±, H2±, H3±, H4±, H5± 

CP even Higgs bosons 

A CP odd Higgs boson 

A pair of charged Higgs bosons 

Multiply charged Higgs bosons 2 pairs of charged Higgs bosons 
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Higher dim. reps in the histroy 

“A Phenomenological Profile of the Higgs Boson ” 
J. Ellis, M. K. Gaillard, D. V. Nanopoulos, Nucl. Phys. B106, 292 (1976) 

Before experimental confirmation of SM 
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Chapter 4

Beyond the Minimal Model:
Two Higgs Doublets and the

Minimal Supersymmetric Model

We have seen that a great deal of effort has been given to considering how to
search for the minimal Higgs of the Standard Model (SM) at the SSC. The
phrase "minimal Higgs" means that the SU(2) x U(l) electroweak theory
Higgs sector is comprised of only one complex Higgs doublet. As discussed
earlier, in this case there is only one physical neutral Higp scalar in the spec-
trum, and its mass is a free parameter not fixed by the theory. Although this
minimal choice is completely arbitrary (as far as we know), we have seen that
it provides an important benchmark in assessing our ability to detect a Higgs
boson. However, given the fact that there is no experimental information con-
cerning the Higgs sector, it is clearly prudent to explore the implications of
more complicated Higgs models, both in the context of the Standard Model
and in extended theories [1], Of course, in deciding which options are wor-
thy of discussion, we shall turn to theoretical arguments that place general
constraints on the unknown Higgs sector, even in the context of the Standard
Model.

There are basically two major constraints. First, it is an experimental fact
[2,3] that p = rafj,/(m| cos2 )̂ is very close to 1. In the Standard Model,
the p parameter is determined by the Higgs structure of the theory. It is
well known [4] that in a model with only Higgs doublets (and singlets), the
tree-level value of p = I is automatic, without adjustment of any parameters
in the model. Although the minimal Higgs satisfies this property, so does
any version of the Standard Model with any number of Higgs doublets (and
singlets). In fact, there are other ways to satisfy the p fa 1 constraint. First,
there are an infinite number of more complicated Higgs representations which
also satisfy p = 1 at tree level [5]. The general formula is

1»1

192 Chapter 4 Beyond the Minimal Model: Two Higgs Doublets and the MSSM

where (<I>(T, Y)) = VT y defines the vacuum expectation values of each neutral
Higgs field, and T and Y specify the total SU(2)i isospin and the hypereharge
of the Higgs representation to which it belongs. In addition, we have intro-
duced the notation;

Here, we employ a rather narrow definition of a real representation as con-
sisting of a real multiplet of fields with integer weak isospin and Y = 0. The
requirement that p = 1 for arbitrary VT Y values is

The possibilities beyond T = 1/2, Y = ±1 are usually discarded since the rep-
resentations are rather complicated (the simplest example is a representation
with weak isospin 3 and Y — 4). Second, one can take a model with multiple
copies of "bad" Higgs representations, and arrange a "custodial" SU(2) sym-
metry among the copies, which then naturally imposes p = 1 at tree level.
Examples of this type will be considered in §6.4, Finally, one can always
choose arbitrary Higgs representations and fine tune the parameters of the
Higgs potential to arrange p ft \, We will discard this latter "unnatural"
possibility from further consideration.

The definition of p beyond the tree level is not unique as discussed in §2,4.
In a scheme advocated by Veltman [6], the tree-level definition of p |eq, (4.1)]
is modified whea radiative corrections are taken into account. For example,
suppose one adds a fermion doublet (£/, D) with a large mass splitting to the
Standard Model. The correction to p at one loop is [6,7]

where Ne is the number of color degrees of freedom of the fermions. Note
that A/? = 0 if my = mo, which is again due to the existence of a "custodial"
SU(2) symmetry. This symmetry is violated if tnu ^ mo, and affects A/>
at one loop due to fermion-loop corrections to the gauge boson propagators.
Furthermore, <dp > 0, which is a feature common to a large class of one-
loop contributions to A/> [8]. This should be contrasted with the tree-level
correction to p, due to additional (non-doublet) Higgs rnultiplets, which can
be of either sign.

Quantitative analyses of the restrictions on multi-doublet and higher
Higgs representations have appeared in several places. In particular, neu-
tral current experiments give some limits both on models containing more
than one Higgs doublet [9,10] and on the allowed vacuum expectation values
of Higgs bosons in representations other than SU(2) doublets [2,3]. The two-
Higgs-doublet restrictions arise from corrections at the one-loop level, while
those obtained for the triplet representation in ref. 2 are tree-level results.

Higher dim. reps in the histroy 

“The Higgs Hunter’s Guide” (1990) 
F. Gunion, H. Haber, G. Kane, S. Dawson 
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Difficulty of the model 

  An accidental global U(1) symmetry in the Higgs potential 

 Φ(doublet) and χ(septet) are invariant under the separate U(1) 
  Exact Massless NG boson (experimentally disfavored) 

6 

with 
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Difficulty of the model 

  An accidental global U(1) symmetry in the Higgs potential 

 Φ(doublet) and χ(septet) are invariant under the separate U(1) 
  Exact Massless NG boson (experimentally disfavored) 

6 

with 

U(1) breaking term 
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Physical basis 

  An accidental global U(1) symmetry in the Higgs potential 

6 

with 

For simplicity 

:EW NG bosons which are absorbed by Z, W± bosons 
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Parameters 

  An accidental global U(1) symmetry in the Higgs potential 

6 

with 

For simplicity 

:EW NG bosons which are absorbed by Z, W± bosons 

Ratio of VEV 

Mass of Septet 

CP even Higgs mixing 
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A model 
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Don’t introduce VEV of exotic multiplets other than those of doublet and septet 

       Non-renormalizable term 
       External fields are fixed by dim.7 operator 

χ∗

Φ

Φ

Φ

Φ

Φ Φ∗

ΣIΣII

∆∆∗

A renormalizable model with Higgs septet 

7 
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Don’t introduce VEV of exotic multiplets other than those of doublet and septet 

       Non-renormalizable term 
       External fields are fixed by dim.7 operator 

  2 quintuplets (ΣΙ,ΙΙ) and 1 triplet (Δ) with exact Z2 parity 

χ∗

Φ

Φ

Φ

Φ

Φ Φ∗

ΣIΣII

∆∆∗

A renormalizable model with Higgs septet 

7 

Forbid VEV of extra multiplet 
   (Bonus: Dark Matter candidate) 

Soft breaking term of the global U(1) 

We obtain correct dim.7 operator from a renormalizable theory!! 

Decompose the diagram 
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Model predictions 
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Model predictions 

Modified Gauge/Yukawa coupling 

  SM: 
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Model predictions 

Modified Gauge/Yukawa coupling 

  SM: 

  2HDM:  

8 

V

V

h

F

F

h



Koji TSUMURA (Nagoya U.) SUSY2013, Aug 26-31 

Model predictions 

Modified Gauge/Yukawa coupling 

  SM: 

  2HDM:  

  Septet:  
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h

ΚV can be larger than one!! 

ILC

LHC14TeV 300fb−1, ILC250GeV 250fb−1, ILC500GeV 500fb−1, ILC 1TeV
1000fb−1

Peskin, arXiv:1207.2516
棚橋誠治 (名大) LHC でヒッグス以外見えないとき何をすべきか 2013/05/25 20 / 19
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Modified Gauge/Yukawa coupling 

  SM: 

  2HDM:  

  Septet:  

Distinctive feature of the septet model 

0.2 0.5 1.0 2.0 5.0 10.020.00

1

2

3

4

tanΒ

Septet model, M7"200 GeV

ΚF

ΚV

Model predictions 

8 

ΚV can be larger than one!! 

ATLAS (EPS-HEP 2013) 

ΚV > 1 is favored 
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)µSignal strength (
  -1  0 +1

Combined

 4lA (*) ZZAH 

aa AH 

ili lA (*) WWAH 

oo AH 

 bbAW,Z H 

-1Ldt = 4.6 - 4.8 fb0 = 7 TeV:  s
-1Ldt = 13 - 20.7 fb0 = 8 TeV:  s

-1Ldt = 4.6 fb0 = 7 TeV:  s
-1Ldt = 20.7 fb0 = 8 TeV:  s

-1Ldt = 4.8 fb0 = 7 TeV:  s
-1Ldt = 20.7 fb0 = 8 TeV:  s

-1Ldt = 4.6 fb0 = 7 TeV:  s
-1Ldt = 20.7 fb0 = 8 TeV:  s

-1Ldt = 4.6 fb0 = 7 TeV:  s
-1Ldt = 13 fb0 = 8 TeV:  s

-1Ldt = 4.7 fb0 = 7 TeV:  s
-1Ldt = 13 fb0 = 8 TeV:  s

 = 125.5 GeVHm

 0.20± = 1.30 µ

ATLAS Preliminary

Seems to be compatible with “ATLAS” results 

Signal strength 

9 

Enhanced 
Slightly enhanced 
Reduced 

σ   : Production cross section of the Higgs boson  
Bxx: Decay Branching ratio of the Higgs boson into xx 

    Normalized by SM  
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More phenomenology 
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W±ZH±  vertex 

10 

  Anomalous                  coupling? 
  No H± in the SM 
  Forbidden also in the MSSM (2HDM) 
  Case with septet  
  Septet naturally induces                   vertex 

 WZ fusion @ LHC 
  Simulation studies have been done 

v7 ~ O(10GeV) can be tested!! 
Asakawa, Kanemura, Kanzaki, PRD75, 075022 (2007) 

W±

Z

H±



Koji TSUMURA (Nagoya U.) SUSY2013, Aug 26-31 

W±ZH±  vertex 

10 

  Anomalous                  coupling? 
  No H± in the SM 
  Forbidden also in the MSSM (2HDM) 
  Case with septet  
  Septet naturally induces                   vertex 

  Charged Higgs strahlung @ ILC 
  Counter measurement of Higgs strahlung (e+e-Zh) 

  Recoil method can be applied 
W±

Z

H±

Most important measurement of hVV coupling @ ILC 

W±ZH± vertex is tested without measuring H± Kanemura, Yagyu, Yanase, PRD83, 075018 (2011) 

v7 ~ O(GeV) can be tested!! 
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Multiply charged Higgs bosons 

  Multiple W bosons 

  Long decay chain (Maybe long-lived) 
  Large cross section (Q=5) 

11 

H5+ H4+ H3+ H2+

W+ W+ W+ W+

W+
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Summary 

  Beyond the Higgs 
  ρ parameter and Beyond the SM  Septet (next minimal) 

  Model with septet 

  LHC Higgs signal vs Septet 

  Smoking gun of Septet @ colliders 

12 
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Φ Φ∗

ΣIΣII

∆∆∗

W±

Z

H±

W±

Z
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Thank you very much for your attention 
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Back up 
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SU(2) 

5 

Lowering/Raising operators 

(2j+1) representation in j3 space 
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SU(2) 

12 

Higher dim. rep. 

With fundamental rep. indices 

(N-1) (N-1) 
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  An accidental global U(1) symmetry in the Higgs potential 

  Mass eigenvalues 

For simplicity 
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Mass spectrum 
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More ΚV and ΚF 

  2 CP even Higgs bosons (h, H) 

A2 



Koji TSUMURA (Nagoya U.) SUSY2013, Aug 26-31 

Electroweak precision data 

  An accidental global U(1) symmetry in the Higgs potential 

  Oblique parameters 

A3 

For simplicity 
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Electroweak precision data 

  Best fit values 

  Oblique parameters 

A3 
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Electroweak precision data 

  Best fit values 

  Oblique parameters 

A3 

0.2 0.5 1.0 2.0 5.0 10.020.0
!0.20

!0.15

!0.10

!0.05

0.00
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#
S
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0.00
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0.10
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0.20

tanΒ

"
T

500
300
200
150Small tanβ is excluded 
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Signal strength of the extra Higgs boson 

  Search for the SM Higgs boson can be interpret as a constraint on extra Higgs bosn (H) 
  VV decay channel [µHVV (ggHVV)] gives stronger limits for heavier mass region 

  Results from the septet 

A4 
Small tanβ/mH is excluded 
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Is it SM-like? 

  ΚV vs ΚF 

Couplings:'(CV,'CF)'

31'Higgs'Hun;ng,'July'20,'2012' Mingshui'Chen'(University'of'Florida)'

VBF/VH'

VBF/VH'

•  CV(CF)'scales'the'SM'Higgs'
boson'couplings'to'vector'
bosons'(fermions)''

•  LO'approxima;on'
•  Γγγ'is'induced'via'loop'

diagrams,'scales'as'''''''''''''''
|α'CV(+'β'CF|2'
–  α'and'β'are'taken'from'

theory'
•  most'sensi;ve'analyses:'

–  WW,'ZZ,'inclusive'γγ'''
sensi;ve'to''CV'

–  VBF'γγ'''sensi;ve'to'both'CV'
and'CF'

'
''

'

ΚV can be different from unity	

A8 

V

V

h
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Signal strength of the Higgs boson 

Signal strength for “xx” channel 

Results from LHC 

9 

σ   : Production cross section of the Higgs boson  
Bxx: Decay Branching ratio of the Higgs boson into xx 

    Normalized by SM  

µxx=1 for SM 
µxx≠1 for Beyond the SM 

γγ: Enhanced 
VV: Slightly Enhanced 
FF: Reduced  

Seems to be compatible with “ATLAS” results 


