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Higgs discovered: very SM-like 

R. Enberg, SUSY 2013 
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And nothing else seen yet 



Other Higgses 
Discover other Higgs bosons à sure sign we aren't dealing 

with the SM Higgs sector 

For example: the charged Higgs in MSSM and 2HDMs has  
these standard main channels for production and decay: 

 

 
 

 

t → H+b bg → H−t  or  gg → H−tb 

H+ → τ+ν, cs H+ → tb, τ+ν  

Light (mH+< mtop) Heavy (mH+ > mtop)
    

Main production 

Main decay 

R. Enberg, SUSY 2013 
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All involve fermion couplings 



H± searches assuming τν decay: 

R. Enberg, SUSY 2013 
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(New results at this conference) 



Other possibilities 

•  But, the “standard” assumptions on decay channels of the 
scalars are of course model dependent. 

•  Examples: 

•  In the NMSSM, could have H+ → W+A1 

•  In models with triplets, can have H+ → W+Z 
(H+ → W+γ never allowed at tree level) 

•  It’s important to not miss alternative models 

R. Enberg, SUSY 2013 
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One alternative: 
Inert Doublet Model (IDM) 

•  Inert Doublet Model: [Barbieri, Hall, Rychkov; Deshpande, Ma] 
two scalar doublets, Φ1 gets a vev and couples to fermions: 
a Z2 symmetry forbids mixing and Yukawas for Φ2 

•  One SM-like Higgs boson; the other scalars are (exactly) 
fermiophobic and the lightest one is stable 

•  Thus: dark matter protected by the Z2 

•  What if the Z2 is broken by higher scale operators? 

R. Enberg, SUSY 2013 
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Stealth doublet model 
We have introduced a generalization of the IDM:   
the Z2 is softly broken — this leads to mixing of the  
CP-even scalars and loop-generated fermion couplings 

[R. Enberg, J. Rathsman, G. Wouda, 1304.1714] 
7 

�1 =
1p
2

✓ p
2G+

v + �1 + iG0

◆

�2 =
1p
2

✓p
2H+

�2 + iA

◆

✓
H
h

◆
=

✓
cos↵ sin↵

� sin↵ cos↵

◆✓
�1

�2

◆
, 0  ↵  ⇡

2

The scalars H+ and A0 from Φ2 are fermiophobic at tree level 



2-higgs doublet scalar potential 

R. Enberg, SUSY 2013 
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•  Many symmetries, e.g. U(2) rotations 
•  Freedom to choose basis for doublets: 

the physical basis is then fixed by Yukawa sector 
 
•  Our model: physical realization of Higgs basis 



Stealth doublet model 

Z2 symmetry  Φ1 → Φ1,  Φ2 → –Φ2 would forbid m12,  λ6 and λ7  

Inert Doublet Model:  Z2 is conserved, lightest Higgs is stable, 
   only one doublet has a vev 

 
We break Z2 :  m12,  λ6 and λ7 are non-zero à leads to mixing 

 m12:  soft breaking   –   λ6,7 hard breaking 
R. Enberg, SUSY 2013 
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Soft Z2 breaking 

R. Enberg, SUSY 2013 
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Higgs discovery

The Stealth Doublet
Model

2HDM potential

Yukawa sector
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Mass spectrum
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Phenomenology
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Davidson-Haber formalism to find soft breaking conditions: 

2.3 Soft breaking of the Z
2

symmetry

We have so far imposed the condition of electroweak symmetry breaking and have identified

the physical scalars and their masses and mixing. We will now further constrain the

potential parameters so that the scalar potential only breaks the Z
2

symmetry softly.

Naively, it may seem that because the soft Z
2

-breaking parameter m2

12

is proportional

to the hard breaking parameter �
6

(eq. (2.8)), hard breaking is linked to soft breaking.

However, there may exist a basis in which �
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6= 0 such that the

symmetry is broken softly. If this is the case, then the symmetry is broken softly in any

basis reached by a U(2) transformation. To find constraints on the potential parameters

for when this is the case, we employ the basis-independent methods of Davidson and Haber

[25] (see also [26, 27]). We find that the conditions are
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Eqs.(2.31) and (2.32) define the model parameter space. In order for eqs.(2.31) and (2.32)
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eq. (2.32).

2.4 Yukawa sector

We have up to now specified the scalar sector by considering a physical realization of the

Higgs basis where only �
1

acquires a vev. Furthermore, we imposed a discrete Z
2

symmetry

on the scalar doublets and allowed this symmetry to be broken only softly. This can be

achieved if the parameters of the scalar potential eq. (2.2) satisfy the relations (2.31) and

(2.32). Now we are in a position to specify the Yukawa couplings of the model. The most

general Yukawa Lagrangian in the Higgs basis reads [27]
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and is written in terms of the electroweak interaction eigenstates. In order to obtain the

fermion mass eigenstates, the matrices F
0

, ⇢F
0
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Masses etc 

Can use m12 or λ6 to specify amount of Z2 breaking – or mixing α   

Mixing angle of h and H: 

R. Enberg, SUSY 2013 
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Parameters: mh , mH , mA , mH± , sα	  , λ3 , λ7  

constrain the parameters by requiring stability of the potential, tree-level unitarity and

perturbativity and expressions can e.g. be found in [38, 39] and references therein, see also

section 3.

2.2 Physical states and mass relations

We choose �
1

to be the doublet that gets a vev, with Z
2

parity +1, and �
2

to be the one

with zero vev and Z
2

parity �1. In a CP-conserving 2HDM, there are two CP-even neutral

states h,H, one CP-odd neutral state A, and two charged states H±. We may write the

doublets as
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model “scalars”, not Higgs bosons, in accordance with the usual IDM nomenclature [10].
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The mass matrix for the CP-even states has non-diagonal elements, and we may find the
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where v2 = v2
1

+ v2
2

⇡ (246GeV)2 is the total vev, and where the phase ⇠ breaks CP sym-

metry spontaneously and will be taken as zero. A U(2) transformation may then be seen

as a change of basis, where the total vev is rotated between the doublets. The traditional

parameter tan� = v
2

/v
1

, which is a physical parameter in the MSSM at tree-level, does

therefore not in general have a physical meaning. It is only after specifying the structure of

the Yukawa couplings to fermions that a basis is singled out as the physical basis. A partic-

ular choice of basis is v
2

= 0, i.e., the vacuum expectation value resides completely in �
1

.

This is known as the Higgs basis in the literature, and our model is a physical realization

of this basis (see [7, 25, 27] for clear discussions of basis changes and the Higgs basis). In

this basis there is naturally no tan� parameter, and we shall not use it.

The potential (2.2) explicitly breaks the Z
2
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2

charges to fermions, in order to forbid large flavor-changing neutral currents

(FCNC) [30, 31], by arranging the Yukawa couplings such that each fermion only couples

to one doublet.

The dimension-four operators lead to hard breaking of the Z
2

symmetry, while the

dimension-two operator breaks it softly, meaning that at very high energies, E2 � |m2

12

|,
the symmetry is restored. If the symmetry is broken, large FCNC may potentially occur,

but we will only encounter new sources of FCNC at the two-loop level [32] (see section 2.4

below).

We will consider a physical realization of the Higgs basis where only �
1
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vev at tree-level, i.e. v
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= v ⇡ 246 GeV. The minimization conditions for electroweak

symmetry breaking are simple,
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that we do not list here, which can be found in references [8, 33]. In addition, one can also
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Minimization 
conditions: 

Masses for A and H+: 

where [�
1,2]0 = �

1,2, c.f. eq. (2.1). The physical CP-even scalar masses can be expressed

as
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where we defined the abbreviations s↵ ⌘ sin↵, c↵ ⌘ cos↵. Finally, we have explicit

expressions for the potential parameters �
1,3,4,5 in terms of the masses, the mixing angle
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allowing us to use the scalar masses as parameters of the model. The mixing angle is given

by
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2v2�

6
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6
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Eqs. (2.21–2.24) are not valid in the case of maximal mixing, ↵ = ⇡
4

; then instead one

obtains

�
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Eqs. (2.14) and (2.26) show that when Z
2

is conserved (�
6

= 0), the mass matrix

is diagonal and there will be no mixing between h and H. This is the case in the Inert

Doublet Model; in fact all our results reduce to the IDM in the limit �
6

! 0, �
7

! 0 and

sin↵ ! 1.1 In this sense, our model is a generalization of the IDM.

The scalar-scalar couplings depend on the potential parameters and are straightforward

to obtain from the potential. The scalar-gauge boson couplings are obtained from the

covariant derivatives and depend on the mixing angle only. These couplings are listed in

Appendix A.

1

Note that in this case the relation mH > mh is not valid, since no rotation is performed to diagonalize

the mass matrix M2

.
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EW precision tests

Higgs signal

Other signals at LHC - charged scalar

Basic decay vertex
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+
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Proper calculation of loops require (on-shell) renormalisation

Tree-level dominates if open (on-shell or slightly o↵-shell)
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Interactions 

R. Enberg, SUSY 2013 
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�L Yukawa =

mf

v
¯

 f f (H cos↵� h sin↵ )

The h and H couple to fermions at tree level: 

E.g: we have the H+ vertex: 
~ cos α for h ,  ~ sin α for H 
 
H+ and A get fermion couplings 
at one-loop level, e.g. 
~ sin α	  cos α	  (→ 0 for no mixing) 
	  

The H+ and A couple to scalars and gauge bosons 



Constraints 
•  Theoretical constraints: 

  Positivity, perturbativity, (tree-level) unitarity 

•  Electroweak: 
  S,T,U parameters 

•  Flavor: 
  n/a (because of fermiophobicity. 2-loop FCNC only) 

•  Higgs discovery: 
  allowed signal strengths 
  no extra neutral Higgses 

(Won’t have time to discuss these, see 1304.1714) 
R. Enberg, SUSY 2013 
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Mass spectrum

EW precision tests

Higgs signal

Enhancement of h/H ! �� from charged scalar

h / H
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1
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 < 1maxµ0.75 < 

Other Higgs constraints included using HiggsBounds



Phenomenology 
•  Production mechanisms and decays are very different  

for the fermiophobic H+ and A0 

 
•  Instead of normal decays (e.g. H+ → τ+ν, cs, tb) we get 

•  Loop-induced 2-body decays or  
•  4- or 6-fermion decays 

•  LHC motivated: define two cases: 
1.  mh = 125 GeV,  sα ∼ 0.9,  mH ≥ 300 GeV  
2.  mH = 125 GeV,  sα ∼ 0.1,  mh ∼ 75 GeV  

 
 

R. Enberg, SUSY 2013 

14 



Stealh Doublet Model

Johan Rathsman

Higgs discovery

The Stealth Doublet
Model

Phenomenology

Mass spectrum

EW precision tests

Higgs signal

Other signals at LHC - charged scalar

Basic decay vertex
H

+

W +

h/H
/A

cosα / sinα / 1

Decays into fermions and SM gauge bosons (mH± < mA)

H
+

W +

h/
H

H
+

W +

h/
H

H
+

W +

h/
H

H
+

W +

h/
H

H
+

W +

h / 
H

W
+
/ γ

Z / W
+

Note: all diagrams proportional to sin(2↵) ) vanish in
no-mixing limit sin↵ ! 0 or cos↵ ! 0

Proper calculation of loops require (on-shell) renormalisation

Tree-level dominates if open (on-shell or slightly o↵-shell)

Charged scalar 

R. Enberg, SUSY 2013 

15 

Stealh Doublet Model

Johan Rathsman

Higgs discovery

The Stealth Doublet
Model

Phenomenology

Mass spectrum

EW precision tests

Higgs signal

Other signals at LHC - charged scalar

Basic decay vertex
H

+

W +

h/H
/A

cosα / sinα / 1

Decays into fermions and SM gauge bosons (mH± < mA)

H
+

W +

h/
H

H
+

W +

h/
H

H
+

W +

h/
H

H
+

W +

h/
H

H
+

W +

h / 
H

W
+
/ γ

Z / W
+

Note: all diagrams proportional to sin(2↵) ) vanish in
no-mixing limit sin↵ ! 0 or cos↵ ! 0

Proper calculation of loops require (on-shell) renormalisation

Tree-level dominates if open (on-shell or slightly o↵-shell)

Main H+ vertex: 

H+ decays: 

One-loop decays are renormalized in an on-shell scheme 

All diagrams ~ sin α	  cos α 
→ 0 for no mixing 
(= inert doublet model) 	   



Example: H±  → W± γ dominating 
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Figure 17. The branching ratios of the charged scalar H± as a function of mH± . The solid black
line shows the W±� mode, dotted black W±Z, solid cyan W±A, dashed cyan W±h/H and dotted
magenta tb. In this figure, we have �

3

= 2(mH±/v)2, �
2

= �
1

and �
7

= �
6

. The scenarios in
(a) and (b) are not phenomenologically possible since mA > mH± for such mH± according to the
discussion in the text.

5.3.1 A ! ff̄

The situation here is similar to the situation for the charged scalar: the CP-odd scalar

A couples to a pair of fermions with the same diagrams as the charged scalar, but with

the W± or G± bosons replaced with Z or G0 in the loop. The A bosons will mix with

longitudinally polarized Z bosons (and with G0 bosons in R⇠ gauge), which in turn go into

a pair of fermions. We will renormalize the AZ and AG0 mixing in the same way as for

H±W± and H±G±, i.e., the real part of the mixing vanishes for an on-shell A boson.

One can determine the magnitude of the loop-generated ⇢F elements in our model

by comparing e.g. �A!⌧+⌧� calculated in our model (at one-loop level) with the tree-level

result obtained in a generic model where the interaction term reads i ̄⌧�5 ⌧ A, i.e. a 2HDM

– 26 –
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longitudinally polarized Z bosons (and with G0 bosons in R⇠ gauge), which in turn go into

a pair of fermions. We will renormalize the AZ and AG0 mixing in the same way as for

H±W± and H±G±, i.e., the real part of the mixing vanishes for an on-shell A boson.

One can determine the magnitude of the loop-generated ⇢F elements in our model
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mh = 125 GeV , mH =  300 GeV , sα = 0.9 
λ3 = 2mH±

2 / v2 , λ2 = λ1 , λ7 = λ6  

mA = mH± − 10 GeV mA = mH± 



Production 
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Conclusions 

Presented Stealth doublet model which generalizes the IDM: 

•  Softly broken Z2 

•  No FCNC problems (diagonal couplings at one-loop) 

•  Predicts extra scalars with unusual properties 

•  LHC pheno study underway (with J. Rathsman, G. Wouda) 
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