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Outline	  

1.  Two	  Higgs	  doublets	  
	  

2.  2HDM	  with	  dark	  ma5er	  
	  

3.  2HDM	  at	  the	  LHC	  (without	  dark	  ma5er)	  
	  
	  

Disclaimer:	  Not	  a	  review.	  Highly	  biased	  on	  my	  own	  work.	  	  
	  
Extensive	  recent	  work	  on	  different	  aspects	  of	  this	  model:	  
Ferreira,	  Santos,	  Branco,	  Silva,	  Osland,	  MoreS,	  Lipniacka,	  Pruna,	  Haber,	  Kraml,	  Gunion,	  
Grzadkowski,	  Krawczyk,	  Pich,	  Tuczon,	  Carena,	  Wagner,	  Yaguna,	  Lopez-‐Val,	  Plehn,	  	  
Rathsman,	  Nierste,	  Wiebusch,	  Craig,	  Thomas,	  Reece,	  Mühlleitner,	  Spira,	  Harlander,	  Liebler,	  	  
…,	  …	  
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The	  general	  two-‐Higgs-‐doublet	  Model	  (2HDM)	  

§ 	  Two	  complex	  SU(2)	  doublets	  (Y=1):	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
§ 	  Scalar	  poten`al:	  
	  
	  
	  
	  
	  
	  
	  
§ 	  Complex	  phases	  on	  λ5,	  λ6,	  λ7	  and	  m12	  can	  give	  rise	  to	  tree-‐level	  	  
	  	  	  CP-‐viola`on	  (restricted	  by	  data).	  This	  talk:	  CP	  conserva`on.	  
	  	  	  	  
§ 	  Reparametriza`on	  invariance:	  	  �a = Uab�b (a = 1, 2)
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Review:	  [arXiv:1106.0034]	  
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The	  general	  two-‐Higgs-‐doublet	  Model	  (2HDM)	  

§ 	  Introducing	  an	  explicit	  basis	  in	  (Φ1,	  Φ2)	  space:	  
	  
	  
	  
	  
	  
	  
§ 	  Five	  physical	  Higgs	  states	  following	  EWSB:	  
	  	  	  Two	  CP-‐even	  Higgs	  bosons:	  h,	  H	  	  	   	  	  	  	  	  	  	  
	  	  	  mh	  <	  mH,	  mixing	  angle	  α	  
	  	  	  One	  CP-‐odd	  Higgs	  boson:	  A	  
	  	  	  One	  charged	  Higgs	  pair:	  H+-‐	  
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2HDM	  with	  Dark	  Ma;er	  
Mainly	  based	  on	  A.	  Goudelis,	  B.	  Herrmann,	  OS,	  [1303.3010]	  
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The	  Higgs	  basis	  

§ 	  Among	  all	  basis	  choices,	  there	  is	  a	  special	  case:	  the	  Higgs	  basis	  
	  	  	  Only	  one	  of	  the	  doublets	  acquires	  a	  vev	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
§ 	  Imposing	  an	  exact	  Z2	  symmetry	  in	  this	  basis	  there	  is	  no	  mixing	  
	  	  	  between	  the	  doublets.	  The	  second	  doublet	  (without	  Yukawa	  
	  	  	  couplings)	  becomes	  inert.	  Inert	  Doublet	  Model	  (IDM)	  

H1 = cos��1 + sin��2

H2 = � sin��1 + cos��2

hH0
1 i =

vp
2

hH0
2 i = 0

The definitions of H1 and H2 imply that

!H0
1" =

v#
2

, !H0
2" = 0 , (12)

where we have used eq. (6) and the fact that !v !
ā !va = 1.

The Higgs basis is not unique. Suppose one begins in a generic !"
1–!"

2 basis, where

!"
a = Vab̄!b and det V $ ei! %= 1. If we now define:

H "
1 $ !v!

ā!
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a , H "

2 $ !w!
ā!
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a , (13)

then

H "
1 = H1 , H "

2 = (det V )H2 = ei!H2 . (14)

That is, H1 is an invariant field, whereas H2 is pseudo-invariant with respect to arbitrary

U(2) transformations. In particular, the unitary matrix

UD $

"

# 1 0

0 ei!

$

% (15)

transforms from the unprimed Higgs basis to the primed Higgs basis. The phase angle !

parameterizes the class of Higgs bases. From the definition of H2 given in eq. (9), this phase

freedom can be attributed to the choice of an overall phase in the definition of !w as discussed

in section II. This phase freedom will be reflected by the appearance of pseudo-invariants

in the study of the Higgs basis. However, pseudo-invariants are useful in that they can be

combined to create true invariants, which are candidates for observable quantities.

It is now a simple matter to insert eq. (11) into eq. (2) to obtain:
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, (16)

where Y1, Y2 and Z1,2,3,4 are U(2)-invariant quantities and Y3 and Z5,6,7 are pseudo-invariants.

The explicit forms for the Higgs basis coe"cients have been given in ref. [17]. The invariant

coe"cients are conveniently expressed in terms of the second-ranked tensors Vab̄ and Wab̄

introduced in section II:

Y1 $ Tr(Y V ) , Y2 $ Tr(Y W ) ,

Z1 $ Zab̄cd̄ VbāVdc̄ , Z2 $ Zab̄cd̄ WbāWdc̄ ,

Z3 $ Zab̄cd̄ VbāWdc̄ , Z4 $ Zab̄cd̄ Vbc̄Wdā , (17)

9

Ma,	  [hep-‐ph/0601255];	  Barbieri,	  Hall,	  Rychkov,	  [hep-‐ph/0603188]	  
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IDM	  at	  leading	  order	  
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in section 5, where we perform extensive scans over the model parameter space. The im-

plications for dark matter and the interesting Higgs decay into two photons are discussed

in detail. Based on our analysis, we identify benchmark scenarios capturing general fea-

tures of the parameter space. Finally, section 6 contains a summary of our results and the

main conclusions.

2 The inert doublet model at tree level

The inert doublet model (IDM) contains, in addition to the Standard Model (SM) particle

content, a second complex scalar doublet. The model Lagrangian is constructed so as

to satisfy an exact Z2 symmetry (parity) under which all SM particles, including one of

the scalar doublets, are even and the second scalar doublet is odd. Since this discrete

symmetry prevents mixing between the scalars, one of the doublets, denoted by H, is

similar to the SM Higgs doublet. Given that the second doublet, which we denote by !,

has odd Z2 parity it is inert in the sense that its component fields do not couple singly to

SM particles. The requirement of renormalizability then also forbids all tree-level couplings

to the fermion sector.

Imposing the Z2 symmetry has two further important consequences. First, the inert

doublet ! does not acquire a vacuum expectation value. Second, it forbids several of

the terms appearing in the general two-Higgs-doublet model scalar potential [24]. More

precisely, the tree-level scalar potential of the IDM takes the form

V0 = µ2
1|H|2+µ2

2|!|2+!1|H|4+!2|!|4+!3|H|2|!|2+!4|H†!|2+
!5

2

!

(H†!)2+h.c.
"

. (2.1)

In the general case, the !i are complex parameters. Although considering this possibility

can have interesting consequences for CP-violation and electroweak baryogenesis [25–27],

in this work we limit ourselves to the case of real values. Upon electroweak symmetry

breaking, the two doublets can be expanded in components as

H =

#

G+

1!
2

$

v + h0 + iG0
%

&

, ! =

#

H+

1!
2

$

H0 + iA0
%

&

, (2.2)

where v =
!
2 "0|H|0# $ 246GeV denotes the vacuum expectation value of the neutral

component of the doublet H. The h0 state corresponds to the physical SM-like Higgs-

boson, whereas G0 and G± are the Goldstone bosons. The inert sector consists of a neutral

CP-even scalar H0, a pseudo-scalar A0, and a pair of charged scalars H±.

A phenomenologically important consequence of the Z2 symmetry is that the lightest

Z2-odd particle (LOP) is stable. If further the LOP is either H0 or A0, this (neutral)

state can play the role of the DM candidate, analogously to the Lightest Supersymmetric

Particle (LSP) in supersymmetric models with R-parity conservation.

At the tree level, the scalar masses are obtained from the potential in eq. (2.1). When

the potential is expanded in the component fields, the masses of the physical states are

– 3 –
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§ 	  Scalar	  poten`al:	  
	  
	  
	  
§ 	  One	  doublet,	  H,	  is	  iden`fied	  with	  SM	  Higgs	  
	  
	  
	  
	  
	  	  	  	  Here:	  	  
	  
§ 	  Lightest	  Z2-‐odd	  par`cle	  (LOP)	  stable	  -‐>	  Dark	  Ma5er	  candidate	  
	  	  	  -‐	  Neutral	  DM	  candidate	  can	  be	  either	  H0	  or	  A0	  (equivalent)	  

mh0 ' 125GeV
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Beyond	  leading	  order	  
J
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given by

m2
h0 = µ2

1 + 3!1v
2, (2.3)

m2
H0 = µ2

2 + !Lv
2, (2.4)

m2
A0 = µ2

2 + !Sv
2, (2.5)

m2
H± = µ2

2 +
1

2
!3v

2. (2.6)

Here we have introduced the useful abbreviations

!L =
1

2
(!3 + !4 + !5) , (2.7)

!S =
1

2
(!3 + !4 ! !5) . (2.8)

As in the Standard Model, we have the scalar potential minimization relation m2
h0 =

!2µ2
1 = 2!1v2 that can be used to eliminate the parameter µ2

1 after electroweak symme-

try breaking.

The IDM scalar sector can hence be specified by a total of six parameters

{!1, !2, !3, !4, !5, µ2} , (2.9)

which can be exchanged through the above equations in favour of the physically more

meaningful set

{mh0 , mH0 , mA0 , mH± , !L, !2} , (2.10)

that is often used in phenomenological applications. It is worth noting that the parameter

!L has a simple physical interpretation as the h0 ! H0 ! H0 coupling at the tree level

(similarly, !S is the h0!A0!A0 coupling). In contrast, the parameter !2, which is common

to both parameter sets, appears only in quartic self couplings among inert particles and

does therefore not enter any physically observable process at the tree level. However, it

plays a role once the theory is considered beyond leading order. In the following, we shall

make use of both sets of parameters given here.

3 The inert doublet model beyond the tree level

Most of the work that has been performed within the IDM so far, such as collider sig-

nals, vacuum stability considerations or relic abundance constraints, has been based on

pure leading-order calculations. Generally speaking, it is meaningful to go beyond tree

level when theoretical uncertainties of some calculation start to become comparable to the

corresponding experimental uncertainties. In many models this is the case, for example,

for the well-measured relic abundance of dark matter in our universe. Another reason can

be to investigate e!ects which are absent at tree level but arise in leading order at the

one-loop level as it is the case, e.g., for the decay h0 " "".

In the IDM, radiative corrections to inert scalar annihilations, which are relevant for

DM phenomenology, are expected to be rather small [28]. Here, strong couplings do not

– 4 –
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(!3 + !4 + !5) , (2.7)

!S =
1

2
(!3 + !4 ! !5) . (2.8)

As in the Standard Model, we have the scalar potential minimization relation m2
h0 =

!2µ2
1 = 2!1v2 that can be used to eliminate the parameter µ2

1 after electroweak symme-

try breaking.

The IDM scalar sector can hence be specified by a total of six parameters

{!1, !2, !3, !4, !5, µ2} , (2.9)

which can be exchanged through the above equations in favour of the physically more

meaningful set

{mh0 , mH0 , mA0 , mH± , !L, !2} , (2.10)

that is often used in phenomenological applications. It is worth noting that the parameter

!L has a simple physical interpretation as the h0 ! H0 ! H0 coupling at the tree level

(similarly, !S is the h0!A0!A0 coupling). In contrast, the parameter !2, which is common

to both parameter sets, appears only in quartic self couplings among inert particles and

does therefore not enter any physically observable process at the tree level. However, it

plays a role once the theory is considered beyond leading order. In the following, we shall

make use of both sets of parameters given here.

3 The inert doublet model beyond the tree level

Most of the work that has been performed within the IDM so far, such as collider sig-

nals, vacuum stability considerations or relic abundance constraints, has been based on

pure leading-order calculations. Generally speaking, it is meaningful to go beyond tree

level when theoretical uncertainties of some calculation start to become comparable to the

corresponding experimental uncertainties. In many models this is the case, for example,

for the well-measured relic abundance of dark matter in our universe. Another reason can

be to investigate e!ects which are absent at tree level but arise in leading order at the

one-loop level as it is the case, e.g., for the decay h0 " "".

In the IDM, radiative corrections to inert scalar annihilations, which are relevant for

DM phenomenology, are expected to be rather small [28]. Here, strong couplings do not

– 4 –

J
H
E
P
0
9
(
2
0
1
3
)
1
0
6

given by

m2
h0 = µ2

1 + 3!1v
2, (2.3)

m2
H0 = µ2

2 + !Lv
2, (2.4)

m2
A0 = µ2

2 + !Sv
2, (2.5)

m2
H± = µ2

2 +
1

2
!3v

2. (2.6)

Here we have introduced the useful abbreviations

!L =
1

2
(!3 + !4 + !5) , (2.7)

!S =
1

2
(!3 + !4 ! !5) . (2.8)

As in the Standard Model, we have the scalar potential minimization relation m2
h0 =

!2µ2
1 = 2!1v2 that can be used to eliminate the parameter µ2

1 after electroweak symme-

try breaking.

The IDM scalar sector can hence be specified by a total of six parameters

{!1, !2, !3, !4, !5, µ2} , (2.9)

which can be exchanged through the above equations in favour of the physically more

meaningful set

{mh0 , mH0 , mA0 , mH± , !L, !2} , (2.10)

that is often used in phenomenological applications. It is worth noting that the parameter

!L has a simple physical interpretation as the h0 ! H0 ! H0 coupling at the tree level

(similarly, !S is the h0!A0!A0 coupling). In contrast, the parameter !2, which is common

to both parameter sets, appears only in quartic self couplings among inert particles and

does therefore not enter any physically observable process at the tree level. However, it

plays a role once the theory is considered beyond leading order. In the following, we shall

make use of both sets of parameters given here.

3 The inert doublet model beyond the tree level

Most of the work that has been performed within the IDM so far, such as collider sig-

nals, vacuum stability considerations or relic abundance constraints, has been based on

pure leading-order calculations. Generally speaking, it is meaningful to go beyond tree

level when theoretical uncertainties of some calculation start to become comparable to the

corresponding experimental uncertainties. In many models this is the case, for example,

for the well-measured relic abundance of dark matter in our universe. Another reason can

be to investigate e!ects which are absent at tree level but arise in leading order at the

one-loop level as it is the case, e.g., for the decay h0 " "".

In the IDM, radiative corrections to inert scalar annihilations, which are relevant for

DM phenomenology, are expected to be rather small [28]. Here, strong couplings do not

– 4 –

§ 	  Model	  parametriza`ons	  
	  
	  
	  	  	  are	  equivalent	  at	  leading	  order:	  
	  
	  
	  
	  	  
	  
	  
	  
	  
§  Beyond	  tree-‐level	  should	  relate	  input	  parameters	  to	  (in	  principle)	  

measureable	  quan``es	  (e.g.	  on-‐shell	  masses,	  couplings,	  …)	  
Here:	  1-‐loop	  calcula`on	  of	  pole	  masses	  (MSbar	  ren.)	  

ghSMH0H0 / �L

ghSMA0A0 / �S



2014-‐12-‐15	   From	  Higgs	  to	  Dark	  Ma5er	   9	  

Model	  constraints	  

J
H
E
P
0
9
(
2
0
1
3
)
1
0
6

of parameters under renormalization over a large energy range. To treat all parameters at

a similar footing, we find it more convenient here to work in the basis of quartic couplings,

eq. (2.9), rather than the mass basis. The renormalization group equations for the quartic

couplings !i (i = 1 . . . 5) are driven by the corresponding beta functions, "!i
, according to

16#2 $!i

$ logQ
= "!i

= "(s)
!i

+ "(g)
!i

+ "(y)
!i

. (3.3)

The latter receive contributions from scalars (s), gauge bosons (g), and fermions (y). The

di!erent pieces of "!i
are obtained by diagrammatic calculation.6 The results for the

di!erent contributions are given in appendix B. Our expressions are in agreement with

earlier results for the general 2HDM [49, 50] (recalling that in the IDM !6 = !7 = 0).

4 Constraints

The various constraints which can be imposed on the (tree-level) parameters of the inert

doublet model (IDM) have been extensively discussed in the literature. A summary is, e.g.,

given in [51, 52]. For completeness, we dedicate this section to discuss which constraints

are relevant here and how they are treated in our analysis.

4.1 Theoretical constraints

A first class of constraints on the inert doublet model (IDM) comes from the minimal

requirement for a physically sensible and (perturbatively) calculable theory. First, it is re-

quired that the couplings should not be larger than some value which makes a perturbative

treatment meaningless. We thus demand all quartic scalar, gauge, and Yukawa couplings

to fulfill a common constraint

|!i|, |gi|, |yi| ! K. (4.1)

A minimal condition is that this inequality be respected at the input scale where the

parameters on the left-hand side are specified. The value of K which should be imposed for

a valid perturbative expansion is then somewhat process-dependent. Considering the more

stringent requirement that eq. (4.1) remains valid under renormalization group evolution,

we can use eq. (3.3) for guidance. Since the coe"cients appearing in the beta functions

for the scalar quartic couplings are all O(1), it is clear that an instability (Landau pole)

will appear for |!i(Q)| > 4# in the absence of accidental cancellations. In practice, smaller

values of |!i| can also lead to instabilities, but we choose to be conservative and impose

eq. (3.3) with K = 4# as the perturbativity limit at all scales.

A second requirement is that the scalar potential, eq. (2.1), should be bounded from be-

low and that upon electroweak symmetry breaking (EWSB) it develops a minimum which

renders the electroweak vacuum stable, or metastable with a su"cient long lifetime. The

criterion we shall discuss here implies absolute stability of the symmetry-breaking vacuum,

6The renormalization group equations can also be computed by demanding scale invariance of the one-

loop e!ective potential. For an example of this approach for the singlet scalar model, see ref. [48].
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which leads to conservative limits on the IDM parameters. Allowing also metastable con-

figurations would result in relaxed constraints; we leave a detailed analysis of this question

for future work.7 For absolute vacuum stability to hold we demand [24, 54]

!1(Q),!2(Q) > 0,

!3(Q) > !2
!

!1(Q)!2(Q),

!3(Q) + !4(Q)! |!5(Q)| > !2
!

!1(Q)!2(Q)

(4.2)

at the scale Q.

A final constraint comes from the requirement that the scattering matrix (S-matrix)

of every quantum field theory must be unitary. In the case of weakly coupled theories, it

is sensible to require that the tree-level scattering matrix elements satisfy unitarity limits,

which corresponds to imposing upper bounds on them. For the general 2HDM, the bounds

were first derived in [55, 56]. Here, we use the form for the eigenvalues of the scalar

and vector scattering matrices of [57], and we require them to be smaller than 16". This

corresponds to saturation of the unitarity limit with the tree-level contribution.

4.2 Oblique parameters

In models where the dominant e!ects of new physics appear as corrections to self energies

of the (SM) gauge bosons, the e!ects can be parametrized in terms of the three “oblique”

(Peskin-Takeuchi) parameters S, T , and U [58, 59], which vanish in a pure SM calculation.

In the 2HDM, the contributions to the U parameter are negligible, which makes it conve-

nient to work in the approximation U = 0. This assumption has been verified explicitly in

our numerical analysis. For the case of U = 0, recent experimental limits on the remaining

two parameters are [60]

S = 0.06± 0.09, T = 0.10± 0.08. (4.3)

These values are based on a reference (SM) Higgs mass of mref
h = 120GeV and a reference

top mass of mref
t = 173GeV. We impose the limits resulting from eq. (4.3) at the 2#

confidence level as constraints on the IDM contribution.

4.3 Collider searches

The first constraint from direct searches at colliders comes from the invisible decay width

of the Z boson. If the decay mode Z " H0A0 is open, the subsequent decay A0 " H0ff̄

(or H0 " A0ff̄ for the inverse mass hierarchy) would lead to Z decay events with fermion-

antifermion pairs (ff̄) and missing energy in the final state. A detailed analysis has shown

that this decay is incompatible with LEP data, which implies that the decay width of

Z " H0A0 must be small. It is convenient to implement this constraint as [4, 14]

MH0 +MA0 ! MZ . (4.4)

7See ref. [53] for a recent discussion of stability/metastability in the SM.
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Figure 3. Left : results from a one-loop RGE analysis of the maximum extrapolation scale ! which
satisfies perturbativity (red), stability (black), and unitarity (not relevant) as a function of the
Higgs mass Mh0 in the Standard Model. The value corresponding to the LHC signal is indicated
by a dashed line. Right : the corresponding results in the Inert Doublet Model for the parameter
variations according to eq. (5.1).

vacuum stability, and unitarity are evaluated. As soon as one of the three conditions fails,

we record the corresponding scale, as well as the failing condition. The maximal scale we

consider is Q = 1016GeV (the “GUT” scale), at which the evolution is terminated and

surviving points are also recorded. 2HDMC is also used to evaluate the oblique parameters

(at the input scale), and we apply the bounds from direct searches at colliders as described

in section 4.3. For each parameter space point, we evaluate the scalar pole masses from

the running parameters as described in section 3.1. This set of parameters is passed to

micrOMEGAs, which is used to compute the relic density and the WIMP-nucleon spin-

independent scattering cross section. As a final step, we compute the Higgs decay rates

(again using 2HDMC) to check whether a modification of the important h0 ! !! decay mode

could be reproduced in any of the viable parameter points, and to apply constraints from

invisible Higgs decays into LOP pairs.

5.2 Extrapolation scale

Our first goal is to examine the maximal scale ! up to which the IDM can be extrapolated

while remaining a consistent and calculable quantum field theory, in the sense of preserving

perturbativity of all couplings, unitarity of the scattering matrix, and (absolute) stability

of the electroweak vacuum as discussed above.

We first employ the scan with variable Higgs mass. For comparison, we also perform

the same excercise for the SM, where the only free parameter is taken to be the mass

of the Higgs boson h0. Both analyses are performed on the same footing, using one-

loop renormalization group equations and varying the top quark mass within the limits of

eq. (5.3).9 The results are presented in figure 3, where we show the maximal extrapolation

9Far more sophisticated analyses exist for the SM, where state-of-the-art calculations rely on three-loop

RGEs for the couplings [53]. This analysis shows that the SM Higgs mass range yielding an absolutely

stable vacuum is enlarged by a few GeV compared to the lowest order prediction.
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Figure 3. Left : results from a one-loop RGE analysis of the maximum extrapolation scale ! which
satisfies perturbativity (red), stability (black), and unitarity (not relevant) as a function of the
Higgs mass Mh0 in the Standard Model. The value corresponding to the LHC signal is indicated
by a dashed line. Right : the corresponding results in the Inert Doublet Model for the parameter
variations according to eq. (5.1).
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Figure 6. The dark matter relic density versus the LOP mass MLOP (left) and the coupling of a
LOP pair to the Higgs boson !L,S (right). The green points correspond to all valid points in the
scan at the input scale ! = MZ , while the red and black region show the points which remain valid
up to the scale ! = 104 GeV and the GUT scale ! = 1016 GeV, respectively. The black dashed line
indicates the WMAP central value of eq. (4.8).

parameter space, with the ranges of !L, !S , and !5 for which this can happen being some-

what more limited, whereas !3 and !4 can reach higher absolute values. Considering new

physics entering at a lower scale, e.g., at ! = 104GeV or ! = 1010GeV, the allowed pa-

rameter ranges increase, cf. figure 4. Note, however, that the valid ranges for the coupling

parameters at the phenomenologically relevant scale ! = 104 GeV = 10 TeV is already

rather reduced with respect to the input scale ! = MZ . In table 1 we summarize the

allowed ranges for the quartic couplings, both at the input scale and after the evolution to

the mentioned scales.

5.3 Dark matter

With the previous results at hand, we now turn to the IDM dark matter phenomenology,

assuming as previously that the Higgs and top quark mass are fixed within the ranges given

by eqs. (5.2) and (5.3), respectively. In figure 6 we show the predicted relic density as a

function of the DM candidate mass, MLOP (left), and the triple coupling of a DM pair to

the (SM-like) Higgs boson (!L when the LOP is H0, !S when it is A0) (right). The 3"

limit from the 7-year WMAP data is represented by the red-dashed region.10

From the left-hand side plot in figure 6, we can see that the correct relic density can

be achieved in the mass regimes that we described in section 3. The viable parts of the

low- and intermediate- mass regimes extend from 3GeV up to roughly 120GeV. From this

value and up to approximately 500GeV, the predicted relic density is too low and it can

reach the WMAP levels again above 500GeV. In the right-hand side plot, we see that

the values that !L (!S) can take while yielding the correct relic density lie in the range

!0.4 ! !L,S ! 0.4, with positive values preferred by the points viable up to the GUT scale.

10An updated result !CDMh2 = 0.1196 ± 0.0031 has recently been obtained by the Planck collabora-

tion [78]. As is clear from figure 6, using this value would not lead to a qualitative di"erence in our results.

In particular the resulting upper limit on the DM density remains numerically very similar, see eq. (4.9).
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Assuming a fixed mass hierarchy MH0 < MA0 , a more detailed analysis of the IDM param-

eter space with respect to LEP data leads to the limit MA0 ! 100 GeV [13]. Considering

both possible mass hierarchies between H0 and A0, we require

max {MH0 ,MA0} ! 100 GeV. (4.5)

Finally, limits on the mass of the charged scalar can be obtained by considering their po-

tential pair production and subsequent decay into neutral Higgs bosons at LEP. Converting

existing limits on the search for charginos and neutralinos, which present the same final

state topology at colliders, leads to the bound MH± ! 70 ! 90 GeV [61]. For practical

reasons, we adopt the intermediate limit

MH± ! MW . (4.6)

In order to have a neutral DM candidate, we include as a final requirement

MH± > MLOP = min{MH0 ,MA0} (4.7)

for defining viable points in parameter space throughout our analysis.

4.4 Dark matter relic density

The recent results from the WMAP satellite, combined with other cosmological measure-

ments, constrain the dark matter relic density to !CDMh2 = 0.1126 ± 0.0036 [11]. In

most of the numerical analysis below, we require the IDM relic density (considering either

H0 and A0 as the dark matter candidate) to respect this limit within 3!, i.e. we demand

!LOPh2 to lie within the interval

0.1018 " !LOPh
2 " 0.1234. (4.8)

In some cases we shall however relax this requirement and only impose the upper bound,

!LOPh
2 " 0.1234, (4.9)

which corresponds to the situation where the IDM contribution is only partly responsible

for the observed DM density.

A subtle point in the calculation of the relic density concerns the intermediate mass

regime, and in particular the mass interval 50–80GeV, where the IDM is known to produce

values for !LOPh2 in the correct range. It has been pointed out [38, 39] that in this mass

regime, which lies close to the WW final state threshold, contributions to the total self-/co-

annihilation cross section coming from three-body final states can be substantial or even

dominant. In particular the WW ! contribution (and to a lesser extent also ZZ!) should

be taken into account to obtain reliable predictions. For this purpose we use a modified

version of micrOMEGAs [62, 63] which includes three-body final states’ contributions. This

micrOMEGAs version also accounts for four-body final states with two virtual gauge bosons.

We include these contributions in our analysis, and we find that they are not always

– 10 –
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Figure 7. The viable IDM parameter space projected on the (MLOP,!L,S) plane imposing only
the upper limit (left) and the upper and lower limits (right) of the WMAP range of eq. (4.8). The
colour coding is the same as in figure 6.

In order to better illustrate the impact of the WMAP results, in figure 7 we project

the IDM parameter space onto the (MLOP,!L) plane, demanding that the relic density

satisfies only the upper 7-year WMAP limit (left), or both the upper and the lower bound

(right). In particular the right plot shows how restrictive the full DM constraint is, and

it allows to discuss in more detail the various mechanisms responsible for producing the

correct values for !LOPh2 in the di"erent mass regimes.

At very low masses, below 4GeV, LOPs annihilate dominantly into " pairs through

s-channel Higgs exchange. The most energetic part of the LOP’s Boltzmann velocity

distribution can also give some annihilation into bottom quarks. The correct relic density is

achieved by adjusting !L,S which, given the relative smallness of the " Yukawa coupling, has

to be fixed at rather large values. These values decrease as phase space opens up, but also

as a larger part of the WIMP Boltzmann distribution passes the bb̄ production threshold.

Above MLOP ! 4GeV, the required !L,S values drop by a factor 3–4, compensating for the

larger bottom Yukawa coupling. Continuing up to roughly 50GeV, the bulk of the points

lie on a thin strip where !L,S decreases mildly, corresponding to dominant DM annihilation

into bb̄ pairs through Higgs boson exchange. We remind the reader that due to the LEP

direct search constraints, coannihilation is absent in this mass range. For MLOP ! 50GeV,

we observe that the WMAP-allowed values for !L,S decrease further, approaching !L,S = 0

at precisely MLOP = Mh0/2. Two e"ects are at play in this mass region. First, the LOP

mass approaches the point where the Higgs propagator becomes resonant. For a constant

!L value, the LOP self-annihilation cross section then increases dramatically. As a result, in

order to get the correct relic density, !L,S must attain small values. The second important

e"ect in this mass region comes from the contributions of virtual gauge boson final states,

and especially from W (!)W !. Even for vanishing triple coupling of a DM pair to h0, there

is an additional four-vertex involving two DM particles and two W bosons. This results

from the covariant derivative terms in the Lagrangian, acting on the # doublet (minimal

coupling). The strength of this vertex is thus characterized by a gauge coupling, and

does not depend on any free parameter of the model (see also ref. [38]). This constitutes a
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Assuming a fixed mass hierarchy MH0 < MA0 , a more detailed analysis of the IDM param-

eter space with respect to LEP data leads to the limit MA0 ! 100 GeV [13]. Considering

both possible mass hierarchies between H0 and A0, we require

max {MH0 ,MA0} ! 100 GeV. (4.5)

Finally, limits on the mass of the charged scalar can be obtained by considering their po-

tential pair production and subsequent decay into neutral Higgs bosons at LEP. Converting

existing limits on the search for charginos and neutralinos, which present the same final

state topology at colliders, leads to the bound MH± ! 70 ! 90 GeV [61]. For practical

reasons, we adopt the intermediate limit

MH± ! MW . (4.6)

In order to have a neutral DM candidate, we include as a final requirement

MH± > MLOP = min{MH0 ,MA0} (4.7)

for defining viable points in parameter space throughout our analysis.

4.4 Dark matter relic density

The recent results from the WMAP satellite, combined with other cosmological measure-

ments, constrain the dark matter relic density to !CDMh2 = 0.1126 ± 0.0036 [11]. In

most of the numerical analysis below, we require the IDM relic density (considering either

H0 and A0 as the dark matter candidate) to respect this limit within 3!, i.e. we demand

!LOPh2 to lie within the interval

0.1018 " !LOPh
2 " 0.1234. (4.8)

In some cases we shall however relax this requirement and only impose the upper bound,

!LOPh
2 " 0.1234, (4.9)

which corresponds to the situation where the IDM contribution is only partly responsible

for the observed DM density.

A subtle point in the calculation of the relic density concerns the intermediate mass

regime, and in particular the mass interval 50–80GeV, where the IDM is known to produce

values for !LOPh2 in the correct range. It has been pointed out [38, 39] that in this mass

regime, which lies close to the WW final state threshold, contributions to the total self-/co-

annihilation cross section coming from three-body final states can be substantial or even

dominant. In particular the WW ! contribution (and to a lesser extent also ZZ!) should

be taken into account to obtain reliable predictions. For this purpose we use a modified

version of micrOMEGAs [62, 63] which includes three-body final states’ contributions. This

micrOMEGAs version also accounts for four-body final states with two virtual gauge bosons.

We include these contributions in our analysis, and we find that they are not always
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Assuming a fixed mass hierarchy MH0 < MA0 , a more detailed analysis of the IDM param-

eter space with respect to LEP data leads to the limit MA0 ! 100 GeV [13]. Considering

both possible mass hierarchies between H0 and A0, we require

max {MH0 ,MA0} ! 100 GeV. (4.5)

Finally, limits on the mass of the charged scalar can be obtained by considering their po-

tential pair production and subsequent decay into neutral Higgs bosons at LEP. Converting

existing limits on the search for charginos and neutralinos, which present the same final

state topology at colliders, leads to the bound MH± ! 70 ! 90 GeV [61]. For practical

reasons, we adopt the intermediate limit

MH± ! MW . (4.6)

In order to have a neutral DM candidate, we include as a final requirement

MH± > MLOP = min{MH0 ,MA0} (4.7)

for defining viable points in parameter space throughout our analysis.

4.4 Dark matter relic density

The recent results from the WMAP satellite, combined with other cosmological measure-

ments, constrain the dark matter relic density to !CDMh2 = 0.1126 ± 0.0036 [11]. In

most of the numerical analysis below, we require the IDM relic density (considering either

H0 and A0 as the dark matter candidate) to respect this limit within 3!, i.e. we demand

!LOPh2 to lie within the interval

0.1018 " !LOPh
2 " 0.1234. (4.8)

In some cases we shall however relax this requirement and only impose the upper bound,

!LOPh
2 " 0.1234, (4.9)

which corresponds to the situation where the IDM contribution is only partly responsible

for the observed DM density.

A subtle point in the calculation of the relic density concerns the intermediate mass

regime, and in particular the mass interval 50–80GeV, where the IDM is known to produce

values for !LOPh2 in the correct range. It has been pointed out [38, 39] that in this mass

regime, which lies close to the WW final state threshold, contributions to the total self-/co-

annihilation cross section coming from three-body final states can be substantial or even

dominant. In particular the WW ! contribution (and to a lesser extent also ZZ!) should

be taken into account to obtain reliable predictions. For this purpose we use a modified

version of micrOMEGAs [62, 63] which includes three-body final states’ contributions. This

micrOMEGAs version also accounts for four-body final states with two virtual gauge bosons.

We include these contributions in our analysis, and we find that they are not always
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DM	  Relic	  Density	  
§ 	  Like	  in	  other	  models,	  the	  precise	  knowledge	  of	  the	  relic	  density	  
	  	  	  effec`vely	  reduces	  dimensionality	  of	  parameter	  space	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
§ 	  Theore`cal	  precision	  probably	  not	  comparable	  with	  current	  
	  	  	  experimental	  knowledge	  of	  ΩDM	  (true	  for	  many	  models).	  	  
	  	  	  Framework	  for	  inclusion	  of	  effects	  beyond	  LO	  in	  progress.	  
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Direct	  detecIon	  
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Figure 8. Projection of the viable IDM parameter space on the (MLOP,!SI) plane against the
latest limits from XENON10 (dash-dotted line) and XENON100 (dashed line) for fTs = 0.2594
(left) and fTs = 0.014 (right). The colour coding for the shown points is the same as in figure 6.

in models such as the MSSM, where the Higgs mass is fixed to a very limited range. The

funnel extends quasi-symmetrically in two narrow regions around Mh0/2. The LOP cannot

approach too close to the resonance since the relic density would then be too low. With the

Higgs mass fixed, the freedom of moving within the funnel region essentially disappears,

which demonstrates that a greater accuracy is demanded in order to assess whether a

parameter space point is excluded or not. A similar comment applies to the high mass

regime and the precise tuning of the LOP-NLOP mass splitting that we discussed above.

Moreover, we observe the anticipated, numerically significant, impact of fTs on the

LOP-nucleus scattering cross section. As we pointed out, the driving mechanism for WIMP-

nucleon scattering in the IDM is t-channel Higgs exchange. The Higgs couples preferentially

to strange quarks, hence varying the strange quark form factor can have an impact of up

to a factor 7 in the scattering cross section. While in this particular case most of the

parameter space remains excluded, this is a transparent illustration of the importance of

knowing fTs with better accuracy to make precise statements. Using the more conservative

value, we find that the mass ranges allowed by WMAP and direct exclusion bounds are

50 GeV < MLOP < 80 GeV and MLOP > 500 GeV.

As a final remark on direct detection, we should mention that in a recent paper the

one-loop electroweak corrections to the LOP-nucleon scattering cross section were com-

puted [23]. According to the findings, these corrections give positive contributions to the

scattering cross section of the order of 10!11–10!10 pb, that can actually superseed the

tree-level contributions in non-negligible regions of the parameter space (in particular for

small "L values). These contributions do not depend on the IDM couplings, since the

relevant vertices involve gauge couplings, and for the most should be quite insensitive to

variations of fTs. The most striking impact is that these corrections basically set a lower

value for the scattering cross section over the full range of LOP masses, which turns out

to be within the reach of the upcoming XENON-1T experiment. This is a nice example of

the complementarity among direct dark matter and collider searches, since the high mass

regime, most probably out of the LHC reach, will be probed by the next generation of

direct detection experiments.
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Assuming a fixed mass hierarchy MH0 < MA0 , a more detailed analysis of the IDM param-

eter space with respect to LEP data leads to the limit MA0 ! 100 GeV [13]. Considering

both possible mass hierarchies between H0 and A0, we require

max {MH0 ,MA0} ! 100 GeV. (4.5)

Finally, limits on the mass of the charged scalar can be obtained by considering their po-

tential pair production and subsequent decay into neutral Higgs bosons at LEP. Converting

existing limits on the search for charginos and neutralinos, which present the same final

state topology at colliders, leads to the bound MH± ! 70 ! 90 GeV [61]. For practical

reasons, we adopt the intermediate limit

MH± ! MW . (4.6)

In order to have a neutral DM candidate, we include as a final requirement

MH± > MLOP = min{MH0 ,MA0} (4.7)

for defining viable points in parameter space throughout our analysis.

4.4 Dark matter relic density

The recent results from the WMAP satellite, combined with other cosmological measure-

ments, constrain the dark matter relic density to !CDMh2 = 0.1126 ± 0.0036 [11]. In

most of the numerical analysis below, we require the IDM relic density (considering either

H0 and A0 as the dark matter candidate) to respect this limit within 3!, i.e. we demand

!LOPh2 to lie within the interval

0.1018 " !LOPh
2 " 0.1234. (4.8)

In some cases we shall however relax this requirement and only impose the upper bound,

!LOPh
2 " 0.1234, (4.9)

which corresponds to the situation where the IDM contribution is only partly responsible

for the observed DM density.

A subtle point in the calculation of the relic density concerns the intermediate mass

regime, and in particular the mass interval 50–80GeV, where the IDM is known to produce

values for !LOPh2 in the correct range. It has been pointed out [38, 39] that in this mass

regime, which lies close to the WW final state threshold, contributions to the total self-/co-

annihilation cross section coming from three-body final states can be substantial or even

dominant. In particular the WW ! contribution (and to a lesser extent also ZZ!) should

be taken into account to obtain reliable predictions. For this purpose we use a modified

version of micrOMEGAs [62, 63] which includes three-body final states’ contributions. This

micrOMEGAs version also accounts for four-body final states with two virtual gauge bosons.

We include these contributions in our analysis, and we find that they are not always
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XENON-‐100	  

XENON-‐10	  

§ 	  Assuming	  that	  DM	  has	  not	  been	  observed	  in	  any	  direct	  detec`on	  
	  	  	  experiment,	  we	  can	  use	  e.h.	  the	  XENON	  upper	  limit	  on	  σSI	  

XENON	  Collabora`on,	  [1104.2549],	  [1104.3088]	  
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Invisible	  Higgs	  decays	  

§ 	  Both	  ATLAS	  and	  CMS	  have	  performed	  searches	  for	  “invisible”	  
	  	  	  decays	  of	  the	  125	  GeV	  Higgs	  (invisible	  =	  missing	  ET)	  
	  
	  	  	   pp ! ZH,Z ! `+`�
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Figure 10. Projection of the viable IDM parameter space for MLOP versus !L,S (left) and "SI

(right), with the limits from XENON10 (dash-dotted line) and XENON100 (dashed line). The
colour coding is the same as in figure 6. The full DM constraint from WMAP is applied, as well as
the upper bound BR(h0 ! invisible) < 0.65.

which in the IDM corresponds to the modification of the inclusive h0 ! ## rate (recall

that the h0 production in, e.g., gluon fusion, remains unchanged). The colour coding

used in figure 9 is the same as above, where green indicates all viable points in the scan

at the input scale ! = MZ , red corresponds to the points which can be extrapolated to

at least ! = 104GeV, and the black points in addition remain stable and perturbative

up to the GUT scale ! = 1016GeV. Considering first the upper left plot, we show R!!

as a function of MH± with only the upper WMAP limit on the relic density applied.

For large values of MH± the rate decouples to the SM value (R!! ! 1), whereas for

MH± ! 300 GeV, we see that the two photon rate can be modified substantially. Here

we observe scenarios with an enhancement in R!! above the SM, or with a suppression to

lower values. The e"ect is most pronounced for low MH± ! 100 GeV, where the possible

modification due to scalar contributions exceeds 30%. It should be pointed out that these

low values for the charged scalar mass are allowed in the IDM without contradicting either

indirect constraints from flavour physics [84], or the direct LHC searches for charged Higgs

bosons [85, 86]; again, since the charged scalar does not couple to fermions. On the other

hand, values for MH± " 100 GeV would limit the mass for the IDM dark matter candidate,

MLOP, to the low mass regime.

As can be seen from figure 9, an R!! enhancement is not compatible with requiring

a scenario valid up to the GUT scale, since these scenarios (black points) always lead to

a suppressed value, R!! # 1. The explanation behind this is given in the lower left plot,

which shows R!! versus !3. Here it can be seen that, once the WMAP constraints are

applied, the sign of !3 must be positive for scenarios to be viable up to the GUT scale.

At the same time, the sign of this parameter governs the interference between the charged

scalar contribution and the (SM) WW contribution, and a suppression (enhancement) is

obtained for positive (negative) values of !3.

The second set of plots in figure 9 (right) are the same as those to the left, except

that both the upper and the lower WMAP limits on the relic density have now been
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IDM	  constraints	  from	  invisible	  Higgs	  decays	  

§ 	  In	  the	  IDM,	  this	  constraint	  would	  apply	  to	  the	  case	  
	  
§ 	  Remember:	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
§ 	  IDM	  can	  live	  either	  close	  to	  Higgs	  resonance	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  
	  	  	  or	  at	  high	  mass,	  	  

h ! H0H0 (h ! A0A0)

ghSMH0H0 / �L ghSMA0A0 / �S

BR(h0 ! inv.) . 0.6
BR(h0 ! inv.) . 0.6

MLOP ' 50� 80GeV
MLOP & 500GeV
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ImplicaIons	  for	  125	  GeV	  Higgs	  at	  LHC	  
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Figure 9. Relative branching ratio R!! = BR(h0 ! !!)IDM/BR(h0 ! !!)SM as a function of the
charged scalar mass MH± (top) and the coupling "3 (bottom), applying only the upper WMAP
limit on the relic density (left), and both the upper and lower limits (right). The colour coding is
the same as in figure 6.

5.4 LHC Higgs phenomenology

The phenomenology of the Higgs-like state observed at Mh0 " 126 GeV remains mostly

unchanged in the IDM compared to the SM. Since the inert scalars do not have tree-level

couplings to fermions, the SM production modes and dominant decay channels are unaf-

fected, which leaves the rates compatible with the data from di!erent channels measured

by ATLAS [19] and CMS [20]. On the other hand, the prediction for one of the experi-

mentally most important decay modes, h0 ! !!, can be a!ected at leading order. In the

SM, the h0 ! !! decay is mediated by loop diagrams, where the most important contri-

butions come from W bosons and top quarks, while in the IDM it receives an additional

contribution from the charged scalars.11 Following the LHC discovery, this has also been

discussed in the context of the 2HDM [79–83].

We calculate the partial width "(h0 ! !!) and the corresponding branching ratio

for the points in the parameter space that satisfy the constraints, including the WMAP

bounds on the relic density. In figure 9, we show the ratio

R!! =
BR(h0 ! !!)IDM

BR(h0 ! !!)SM
, (5.5)

11The leading-order prediction for the decay h0
! Z! could be similarly modified, but this mode has not

yet been observed experimentally.
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Figure 11. Correlation of the relative branching ratio R!! = BR(h0 ! !!)IDM/BR(h0 ! !!)SM
and the dark matter relic density !LOPh2 (left) and the maximum extrapolation scale " (right).
The colour coding on the left-hand side is the same as in figure 6.

Moreover, we examined the high-energy behaviour of the IDM when treating the Higgs

boson mass either as a free parameter, or under the assumption that the particle observed

at the LHC corresponds to the IDM Higgs boson. In particular, we require the perturba-

tivity of all couplings, stability of the electroweak vacuum, and unitarity of the S-matrix.

By employing the one-loop renormalization group equations, we have shown that these

constraints become less prohibitive than in the case of the Standard Model. More pre-

cisely, the IDM can be extrapolated up to high scales, including up to the GUT scale, for

a non-negligible range of parameter choices and for larger ranges of the Higgs boson mass,

with the experimentally observed value lying firmly within the region where the IDM can

remain valid up to very high energy scales.

We have then imposed a series of constraints coming from collider (LEP, oblique pa-

rameters) and dark matter (WMAP, direct detection) experiments, combining them with

the aforementioned theoretical requirements. We find that the oblique parameter con-

straints has only mild e#ects upon the IDM parameter space, and the main result of the

LEP bounds is to push the NLOP mass above 100GeV, which in turn results in the absence

of neutal co-annihilation in the lower LOP mass regime (roughly below 80GeV).

As a further consequence, the relic density in this mass region is driven by the self-

annihilation cross section, which can be modified by tuning the couplings of the LOP ("L

or "S for H0 or A0, respectively) to the Higgs boson, or by approaching the Higgs reso-

nance and WW production threshold. Far from the resonance/threshold, relatively large

"L (or "S) values are required for the WMAP bounds to be satisfied. This also implies a

large WIMP-nucleon scattering cross section, which brings the model in tension with the

current XENON bounds. The only surviving region lies close to the Higgs resonance/WW

production threshold, where "L,S , and consequently the coupling to quarks via Higgs ex-

change, has to be small in order for the depletion rate of DM not to be too high. The

significant reduction of the available parameter space demonstrates the crucial character

Higgs measurements can have for a number of dark matter models. Another measurement

which we have used to constrain the mass region MLOP < Mh0/2 is the upper limit on an

invisible branching ratio for the SM-like Higgs boson observed at the LHC. Here we find
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§ 	  Besides	  the	  invisible	  decays,	  H+	  in	  the	  IDM	  can	  modify	  the	  loop-‐	  
	  	  	  induced	  decays	  of	  a	  SM-‐like	  h0	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
§ 	  When	  IDM	  makes	  up	  all	  DM,	  there	  is	  no	  enhancement	  of	  the	  two	  
	  	  	  photon	  rate	  (even	  before	  constraints).	  	  
	  	  	  In	  agreement	  with	  current	  experimental	  results	  J	  

R�� = BR(h ! ��)/BR(h ! ��)SM
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LHC	  Signatures	  of	  IDM	  Dark	  Ma;er	  
§ 	  Two	  mass	  regions	  for	  IDM	  Dark	  Ma5er:	  
	  	  	   	   	   	   	  MDM	  =	  50	  –	  80	  GeV,	  MDM	  >	  500	  GeV	  
	  
§ 	  Direct	  produc`on	  of	  DM	  pair	  possible	  only	  through	  Higgs	  channel	  
	  	  	  	  
	  	  	  	  
	  	  	  also	  produc`on	  through	  gauge	  bosons	  of	  	  	  
	  
	  
	  
§ 	  Only	  possible	  decays	  are	  within	  the	  inert	  doublet,	  i.e.	  
	  
	  
§ 	  Weak-‐scale	  xsec`ons	  with	  mul`-‐lepton	  signatures	  +	  ET-‐miss	  

pp ! Z(⇤) ! H0A0

pp ! W±(⇤) ! H0H±

pp ! h(⇤) ! H0H0

A0 ! H0Z(⇤) H± ! H0W±(⇤) H± ! A0W±(⇤)
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2HDM	  at	  the	  LHC	  
(without	  Dark	  Ma;er)	  
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§ 	  Couplings	  to	  vector	  bosons	  determined	  by	  mixing	  angle	  
	  
	  
	  	  	  
	  	  	  Alignment:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  possible	  with	  or	  without	  decoupling	  
§ 	  2HDM	  Yukawa	  couplings	  in	  arbitrary	  basis	  
	  
	  
	  
	  
	  
	  
	  
§ 	  If	  	  	  	  	  	  and	  	  	  	  	  	  	  are	  not	  simultaneously	  diagonal	  the	  Higgs	  sector	  
	  	  	  mediates	  tree-‐level	  FCNC	  (-‐>	  strongly	  restricted	  from	  data)	  

Higgs	  Couplings	  
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H.E.Haber,	  D.O’Neil	  [hep-‐ph/0602242]	  
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Type UR DR LR ⇢U ⇢D ⇢L

I + + + U
cot� D

cot� L
cot�

II + � � U
cot� �D

tan� �L
tan�

III + � + U
cot� �D

tan� L
cot�

IV + + � U
cot� D

cot� �L
tan�

Absence	  of	  tree-‐level	  FCNC	  –>	  2HDM	  Types	  

§ 	  To	  get	  rid	  of	  these	  FCNC	  naturally,	  implement	  a	  (soyly	  broken)	  	  
	  	  	  Z2	  symmetry	  -‐>	  2HDM	  Types	  depending	  on	  fermion	  Z2	  charges	  
	  
	  
	  
	  
	  
	  
	  

	  	  
	  	  Type	  III	  =	  Type	  Y	  =	  “Flipped”	   	  Type	  IV	  =	  Type	  X	  =	  “Lepton-‐spec.”	  
	  
§ 	  Promotes	  tan	  β	  to	  a	  physical	  parameter	  (basis	  with	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  
	  
§ 	  MSSM:	  Type-‐II	  couplings	  at	  tree	  level,	  broken	  by	  Δb	  correc`ons	  

⇢F / F =

p
2

v
MF

�6 = �7 = 0

Barger,	  Hewi5,	  Philips,	  PRD41	  (1990)	  
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Model	  predicIons	  for	  the	  LHC	  
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Abstract

In this note we give interim recommendations on how to evaluate LHC cross sec-
tions for (neutral) Higgs production and Higgs branching ratios in the general (CP-
conserving) Two-Higgs-Doublet Model (2HDM). The current status of available higher-
order corrections to Higgs production and decay in this model is discussed, and the
existing public codes implementing these calculations are described. Numerical results
are presented for a set of reference scenarios, demonstrating the very good agreement
between the results obtained using di↵erent programs.
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[LHCHXSWG-‐2013-‐001],	  [1312.5571]	  	  

§ 	  Two	  bundles	  of	  codes	  provide	  complete	  2HDM	  predic`ons	  of	  
	  	  	  cross	  sec`ons	  +	  branching	  ra`os,	  including	  available	  higher-‐	  
	  	  	  order	  (mostly	  QCD)	  correc`ons	  
	  	  	  
	  	  	  	   	   	   	  SusHi	  +	  2HDMC 	   	   	   	  HIGLU+HDECAY	  

Harlander,	  Mantler,	  Liebler,	  [1212.3249]	  
Eriksson,	  Rathsman,	  OS,	  [0902.0851]	  

Spira	  et	  al,	  [hep-‐ph/9510347],	  [hep-‐ph/9704448]	  
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First	  LHC	  analyses	  of	  2HDM	  interpretation in 2HDM from direct search 
H->hh & A->Zh ->l’s,    

• and from ATLAS measurement of   
h(125) ATLAS-CONF-2014-010 

 ATLAS-‐CONF-‐2014-‐010	  

§ 	  Reinterpreta`on	  of	  125	  GeV	  	  
	  	  	  coupling	  measurements	  	  
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Figure 7: Left: observed and expected 95% CL upper limits for gluon fusion production of an
A boson of mass 300 GeV as a function of parameters tan b and cos(b � a) of the Type I (upper)
and II (lower) 2HDM. The parameters determine the A production cross section as well as
the branching fractions B(A ! Zh) and B(h ! WW⇤, ZZ⇤, tt, gg) which are relevant to this
search. Right: the sB(A ! Zh) contours for Type I (upper) and II (lower) 2HDM adopted from
Ref. [33]. The excluded regions are below the open limit contours.
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Figure 8: Combined observed and expected 95% upper limits for gluon fusion production of
a heavy Higgs boson H and A of mass 300 GeV for Type I (left) and Type II (right) 2HDM
as a function of parameters tan b and cos(b � a). The parameters determine the H and A
production cross sections as well as the branching fractions B(H ! hh), B(A ! Zh), and
B(h ! WW⇤, ZZ⇤, tt, gg), which are relevant to this search.

the 2HDM. This is the first search for these decays carried out at the LHC. We used multilepton
and diphoton final states from a dataset corresponding to an integrated luminosity of 19.5 fb�1

of data recorded in 2012 from pp collisions at a center-of-mass energy of 8 TeV. We find no

§ 	  Genuine	  2HDM	  searches	  
	  
§ 	  BR(H	  -‐>	  hh)	  sensi`ve	  to	  full	  model	  
	  	  	  MH	  =	  MA	  =	  300	  GeV	  “best	  case”	  

	  [1410.2751]	  



2014-‐12-‐15	   From	  Higgs	  to	  Dark	  Ma5er	   24	  

Preparing	  for	  run-‐II:	  Benchmarks	  

§  Like	  most	  theorists	  (I	  think)	  I	  favor	  keeping	  experimental	  
searches	  as	  model-‐independent	  as	  possible.	  
	  

§  S`ll,	  in	  many	  situa`ons	  it	  also	  makes	  sense	  to	  consider	  
specific	  models.	  
	  

§  The	  role	  of	  benchmarks	  is	  to:	  
	  -‐	  Mo`vate	  experimental	  searches	  to	  exploit	  all	  channels	  
	  -‐	  Improve	  search	  strategies	  using	  model-‐specific	  informa`on	  
	  -‐	  Combine	  different	  channels	  to	  improve	  sensi`vity	  
	  -‐	  Define	  unambiguous	  and	  complete	  sets	  of	  parameters	  
	  -‐	  Be	  able	  to	  consider	  relevant	  model	  constraints	  
	  -‐	  Provide	  language	  to	  compare	  exp	  <-‐>	  exp	  and	  exp	  <-‐>	  th	  

In	  collabora`on	  with	  H.E.	  Haber	  
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Model	  parametrizaIon	  

§ 	  Even	  with	  restric`ons	  to	  CP	  conserva`on	  and	  soy	  Z2	  (Types)	  	  	  
	  	  	  there	  remains	  seven	  free	  parameters:	  
	  

or	  
	  
	  

§ 	  Hybrid	  basis:	  	  
	  
	  
	  	  	  +	  “Type”	  condi`on	  on	  the	  Yukawa	  couplings	  
§ 	  Higgs	  basis	  condi`on	  for	  soy	  Z2-‐breaking:	  
	  
	  
§ 	  Symmetry	  manifest:	  (λ6	  =	  λ7	  =	  0)	  in	  basis	  for	  specified	  tan	  β	


0 < � < ⇡/2mH > mh 0  s��↵  1

�1,�2,�3,�4,�5,m
2
12, tan�

mh,mH ,mA,mH± , sin(� � ↵),m2
12, tan�

mh,mH , cos(� � ↵), tan�, Z4, Z5, Z7

where

Z(1) =

!

Z1 + Z4 Z6 + Z7

Z!
6 + Z!

7 Z2 + Z4

"

, (43)

and

Z(11) =

!

Z1Z14 + Z3Z24 + 2|Z6|2 + 2Re(Z6Z!
7 ) Z4Z67 + Z6Z14 + Z5Z!

67 + Z7Z24

Z4Z!
67 + Z!

6Z14 + Z!
5Z67 + Z!

7Z24 Z2Z24 + Z3Z14 + 2|Z7|2 + 2Re(Z6Z!
7 )

"

. (44)

In eq. (44), we have employed the notation,

Zab ! Za + Zb . (45)

Explicit calculation of eq. (42) yields

t1 = 2i
#

(Z1 " Z2)Im(Z6Z
!
7 )" Im(Z!

5Z
2
67)

$

= 0 , (46)

t2 = (Z1 " Z2)
#

Z1Z7 + Z2Z6 " Z34Z67 " Z5Z
!
67

$

+ 2Z67
#

Z67(Z
!
6 " Z!

7 ) + 2i Im(Z6Z
!
7 )
$

= 0 . (47)

First consider the case of Z7 = "Z6. In this case, t1 = 0 is automatic and t2 = 0 yields either
Z1 = Z2 and/or Z6 = Z7 = 0. The case of Z6 = Z7 = 0 corresponds to the so-called inert 2HDM
where the Z2 discrete symmetry is manifest in the Higgs basis. The case of Z1 = Z2 and Z6 = "Z7 is
a special point of the 2HDM parameter space. In this case !1 = !2 and !7 = "!6 for all basis choices.
Moreover, one is guaranteed that !6 = !7 = 0 in one of those basis choices. If Z7 #= "Z6, then it is
convenient to simplify eq. (47) by multiplying by Z!

67, which yields

(Z1"Z2)
#

Z1|Z7|2+Z2|Z6|2"Z34|Z67|2+Z1Z7Z
!
6+Z2Z6Z

!
7"Z5Z

2 !
67

$

+2|Z67|2
%

|Z6|2"|Z7|2
&

= 0 . (48)

The imaginary part of eq. (48) is equivalent to eq. (46). The real part of eq. (48) yields

(Z1"Z2)
#

Z1|Z7|2+Z2|Z6|2"Z34|Z67|2+Z12 Re(Z6Z
!
7 )"Re(Z5Z

2 !
67 )

$

+2|Z67|2
%

|Z6|2"|Z7|2
&

= 0 . (49)

We now impose the conditions specified by eq. (22), which ensures the CP-invariance of the scalar
potential and the vacuum.2 It immediately follows that t1 = 0. Moreover, since a real Higgs basis
exists, we are free to rephase the Higgs basis fields such that Z5, Z6 and Z7 are real. Then, the
remaining condition for the existence of a basis where !6 = !7 = 0, namely t2 = 0, takes the form

(Z1 " Z2)
#

Z1Z7 + Z2Z6 " Z345Z67
$

+ 2Z2
67(Z6 " Z7) = 0 , (50)

where Z345 ! Z3 +Z4 +Z5. If a real Higgs basis exists such that eq. (50) is satisfied, then there must
exist a real basis where !6 = !7 = 0 and " = 0. The value of tan # in this basis is easily determined
by inverting eqs. (13) and (20) [with " = 0] to obtain

!6 =
1
2

#

Z1c
2
! " Z2s

2
! " (Z3 + Z4 + Z5)c2!

$

s2! + Z6c!c3! + Z7s!s3! = 0 , (51)

!7 =
1
2

#

Z1s
2
! " Z2c

2
! + (Z3 + Z4 + Z5)c2!

$

s2! + Z6s!s3! + Z7c!c3! = 0 . (52)

Indeed, by adding and subtracting eqs. (51) and (52), respectively, we reproduce the result of eq. (50).
Moreover, the parameter tan # is also determined,

tan 2# =
2 tan #

1" tan2 #
=

2(Z6 + Z7)

Z2 " Z1
. (53)

2In the special case of the inert 2HDM where Z6 = !Z7 and Z1 = Z2, both the scalar potential and the vacuum are
automatically CP-invariant without further conditions.

8
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m2
A = m2

Hs2��↵ +m2
hc

2
��↵ � Z5v

2

m2
H± = m2

A � 1

2
(Z4 � Z5)v

2

Mass	  relaIons	  

§ 	  Remaining	  masses	  fixed	  by	  the	  quar`c	  Higgs	  basis	  couplings:	  
	  
	  
	  
	  
	  	  	  (Z7	  only	  enters	  in	  triple/quar`c	  scalar	  interac`ons)	  
	  
§ 	  Theore`cal	  constraints:	  
	  
	  
§ 	  Further	  constraints	  on	  the	  choice	  of	  benchmarks	  come	  from	  
	  	  	  observed	  proper`es	  of	  125	  GeV	  Higgs	  and	  wishful(?)	  thinking	  	  
	  	  	  about	  observable	  signatures	  	  

|Zi| . O(1)
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Benchmark	  scenarios	  

§ 	  Scenario	  A	  
	  	  	  “Standard”	  scenario	  with	  lightest	  Higgs	  at	  125	  GeV	  
	  	  	  Mh	  =	  125	  GeV	  <	  MH	  <	  MA	  =	  MH+.	  	  
	  	  	  Useful	  for	  H	  searches	  in	  “standard”	  modes.	  
	  
§ 	  Scenario	  B	  
	  	  	  “Inverted”	  scenario	  with	  heavy	  CP-‐even	  Higgs	  at	  125	  GeV	  
	  	  	  Mh	  <	  MH	  =	  125	  GeV	  <	  	  MA	  =	  MH+.	  Useful	  for	  h	  searches.	  

§ 	  Scenario	  C	  
	  	  	  Overlapping	  CP-‐even	  and	  CP-‐odd	  Higgses	  @	  125	  GeV	  	  
	  	  	  Mh	  =	  MA	  =	  125	  GeV	  <	  MH	  =	  MH+.	  Test	  sensi`vity	  to	  mixed	  CP.	  

H.E.	  Haber,	  OS,	  [to	  appear]	  
(see	  also	  Baglio,	  Eberhardt,	  Nierste,	  Wiebusch,	  [1403.1264];	  )	  
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§ 	  Scenario	  D	  
	  	  	  Heavy	  CP-‐even	  Higgs	  with	  non-‐SM	  decays,	  e.g.	  H	  -‐>	  A	  Z,	  H	  -‐>	  H+W-‐	  
	  	  	  Mh	  =	  125	  GeV	  <	  MA/MH+	  <	  MH.	  Useful	  for	  H	  searches	  in	  cascades.	  
	  
§ 	  Scenario	  E	  
	  	  	  Scenario	  for	  heavy	  CP-‐odd	  /	  charged	  Higgs	  with	  
	  	  	  A	  -‐>	  H+	  W-‐	  or	  H+	  -‐>	  A	  W+.	  Useful	  for	  A	  (H+	  searches)	  in	  cascades.	  
	  
§ 	  Scenario	  F	  
	  	  	  h	  with	  SM-‐like	  couplings	  to	  up-‐type	  fermions	  and	  vector	  bosons,	  	  
	  	  	  but	  flipped	  sign	  of	  coupling	  to	  down-‐type	  fermions.	  

§ 	  Scenario	  G	  
	  	  	  “MSSM”-‐like	  (mass-‐degenerate)	  scenario	  for	  heavy	  Higgs	  bosons	  	  
	  	  	  Mh	  =	  125	  GeV	  <	  MH	  =	  MA	  =	  MH+,	  decoupling	  as	  M	  >>	  v.	  

Benchmark	  scenarios	  
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Type-‐I	   Type-‐II	  

§ 	  χ2	  fit	  of	  light	  Higgs	  signal	  rates	  with	  HiggsSignals	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
§ 	  Type-‐II	  couplings	  much	  more	  restricted	  around	  alignment,	  	  
	  	  	  	  in	  par`cular	  for	  high	  tan	  β.	  Excep`on:	  flipped-‐sign	  scenario	  (F)	  

-‐>	  Talk	  by	  P.	  Bechtle	  
��2 < 2.30

��2 < 5.99

��2 < 11.8

Ferreira,	  Haber,	  Gunion,	  Santos,	  [1403.4736]	  	  

Scenario	  A:	  Lightest	  2HDM	  Higgs@125	  GeV	  

MH = 500GeV < MA = MH±
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Type-‐II:	  Heavy	  Higgs	  producIon	  
§  Since	  the	  H	  must	  have	  suppressed	  couplings	  to	  gauge	  bosons,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

only	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  and	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (at	  high	  tan	  β)	  

>	  0.01	  
>	  0.05	  
>	  0.10	  
>	  0.25	  
>	  0.50	  
>	  0.75	  
>	  0.9	  

gg ! H bb̄ ! H

�(gg ! H)

�(gg ! H)SM
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Type-‐II:	  H	  decays	  to	  fermions	  
>	  0.01	  
>	  0.05	  
>	  0.10	  
>	  0.25	  
>	  0.50	  
>	  0.75	  
>	  0.9	  

§  Fermions	  dominate	  close	  
to	  alignment	  limit	  
	  

§  Complementarity	  between	  up-‐	  and	  	  
down-‐type	  modes	  typical	  of	  Type-‐II	  

mH = 500GeV

BR(H ! bb̄)

BR(H ! tt̄)

BR(H ! ⌧⌧)
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Type-‐II:	  H	  decays	  to	  bosons	  

§  Bosonic	  modes	  become	  important	  
away	  from	  the	  alignment	  limit	  -‐>	  
	  
Difficult	  to	  access	  in	  favored	  region	  
of	  parameter	  space	  

>	  0.01	  
>	  0.05	  
>	  0.10	  
>	  0.25	  
>	  0.50	  
>	  0.75	  
>	  0.9	  

BR(H ! WW ) BR(H ! ZZ)

BR(H ! hh)
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§  Applying	  theory	  constraints	  and	  rates	  of	  125	  GeV	  Higgs	  within	  
20%	  of	  SM	  

Type-‐II:	  The	  allowed	  parameter	  space	  

>	  0.01	  
>	  0.05	  
>	  0.10	  
>	  0.25	  
>	  0.50	  
>	  0.75	  
>	  0.9	  

RH
tt̄ =

�(gg ! H)⇥ BR(H ! tt̄)

[�(gg ! H)⇥ BR(H ! tt̄)]SM
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Scenario	  A:	  Type-‐II	  Benchmark	  
§  1D	  Benchmark	  can	  be	  defined	  by	  choosing	  fixed	  values	  for	  cβ-‐α	  

and	  tan	  β inside	  allowed	  region.	  Ex:	  cos(β-α)	  =	  0.01,	  tan	  β	  =	  1.5	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

§  Maximizes	  produc`on	  and	  decay	  to	  5	  	  
Total	  H	  width	  remains	  rela`vely	  small,	  

tt̄

hh

W+W�

ZZ

bb̄

⌧⌧
gg

2HDM	  

SM	  

�H/�SM < 0.1
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Scenario	  A:	  Type-‐I	  Benchmark	  
§  For	  Type-‐I,	  larger	  devia`ons	  from	  SM	  in	  the	  coupling	  to	  vector	  

bosons	  is	  allowed.	  Ex:	  cos(β-α)	  =	  0.05,	  tan	  β	  =	  3	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

§  Sizeable	  branching	  ra`os	  to	  bosonic	  final	  states,	  total	  width	  small	  

tt̄

hh

W+W�

ZZ

bb̄

⌧⌧
gg

2HDM	  

SM	  
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Total	  rates	  for	  LHC-‐13	  

tt̄

hh

W+W�

ZZ

bb̄

⌧⌧

SusHi	  (MSTW2008,	  13	  TeV)	  

Type-‐II:	  cβ-α	  =	  0.01,	  tan	  β	  =	  1.5	  
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Total	  rates	  for	  LHC-‐13	  

tt̄

hh
W+W�

ZZ

Type-‐I:	  cβ-α	  =	  0.05,	  tan	  β	  =	  3	  

SusHi	  (MSTW2008,	  13	  TeV)	  
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Charged	  Higgs	  

§ 	  Interes`ng	  component	  of	  all	  models	  with	  mul`ple	  Higgs	  doublets,	  
	  	  	  mass	  related	  to	  neutral	  scalars	  through	  SU(2)	  (custodial)	  symmetry	  
	  
§ 	  Fewer	  signatures	  to	  consider	  (if	  neutral	  Higgs	  channels	  closed)	  

MH± < mt MH± > mt

ATLAS-‐CONF-‐2014-‐050	  
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2HDM	  interpretaIon	  of	  Charged	  Higgs	  searches	  
F.	  Mahmoudi,	  OS,	  [to	  appear]	  
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Low-‐energy	  constraints	  F.	  Mahmoudi,	  OS,	  [to	  appear]	  

Type-‐III	   Type-‐IV	  

Type-‐II	  Type-‐I	  
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Conclusions	  

§  The	  2HDM	  remains	  a	  useful	  theore`cal	  playground	  to	  study	  
both	  phenomenology	  of	  scalar	  dark	  ma5er	  and	  searches	  for	  
addi`onal	  Higgs	  bosons	  at	  the	  LHC	  
	  

§  With	  all	  constraints	  taken	  into	  account,	  IDM	  dark	  ma5er	  
restricted	  to	  Higgs	  pole:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  or	  

	  
§  First	  LHC	  analyses	  of	  2HDM	  already	  there,	  preparing	  for	  run-‐II:	  

-‐	  “Official”	  cross	  sec`ons	  and	  branching	  ra`os	  available	  for	  	  
	  	  experimental	  collabora`ons	  using	  public	  tools	  
-‐	  Benchmarks	  covering	  different	  interes`ng	  signatures	  

MDM ' Mh0/2 MDM & 500GeV



Geilo-‐2016	  
	  

From	  the	  Second	  discovered	  Higgs	  boson	  to	  Dark	  Ma;er?	  
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Backup	  
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2HDMC	  (2-‐Higgs	  Doublet	  Model	  Calculator)	  

§ 	  Object-‐oriented	  C++	  code	  implemen`ng	  calcula`ons	  for	  the	  general	  
	  	  	  (CP-‐conserving)	  2HDM	  in	  different	  parametriza`ons	  
	  	  	  	  
	  	  	  	  	  	  	  	  	  	  D.	  Eriksson	  (Ericsson),	  OS	  (Stockholm),	  J.	  Rathsman	  (Lund)	  
	  

	   	  	   	   	   	   	  h5p://2hdmc.hepforge.org	  
	  
§ 	  First	  released	  in	  2009,	  current	  public	  version	  is	  1.6.5	  
	  
§ 	  Includes	  links	  to	  SusHi	  (cross	  sec`ons),	  HiggsBounds	  (Higgs	  search	  
	  	  	  limits),	  SuperIso	  (flavor	  physics),	  MadGraph	  (event	  genera`on)	  
	  
§ 	  Can	  be	  used	  either	  as	  a	  library,	  or	  for	  simple	  applica`ons	  through	  	  
	  	  	  one	  of	  the	  provided	  example	  programs	  for	  different	  input	  bases	  

[0902.0851]	  
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Boring	  numerical	  comparisons…	  
2HDMC HDECAY

BR � (GeV) BR � (GeV) �2H/�HD

h ! bb̄ 0.6812 3.790⇥ 10�3 0.6827 3.820⇥ 10�3 0.992
⌧+⌧� 6.587⇥ 10�2 3.664⇥ 10�4 6.548⇥ 10�2 3.664⇥ 10�4 1.000
µ+µ� 2.332⇥ 10�4 1.297⇥ 10�6 2.318⇥ 10�4 1.297⇥ 10�6 1.000
ss̄ 2.484⇥ 10�4 1.382⇥ 10�6 2.503⇥ 10�4 1.400⇥ 10�6 0.987
cc̄ 3.059⇥ 10�2 1.701⇥ 10�4 2.976⇥ 10�2 1.665⇥ 10�4 1.022
gg 8.110⇥ 10�2 4.511⇥ 10�4 8.166⇥ 10�2 4.569⇥ 10�4 0.987
�� 1.130⇥ 10�3 6.284⇥ 10�6 1.117⇥ 10�3 6.250⇥ 10�6 1.006
Z� 8.728⇥ 10�4 4.855⇥ 10�6 8.677⇥ 10�4 4.855⇥ 10�6 1.000
W+W� 0.1233 6.859⇥ 10�4 0.1226 6.860⇥ 10�4 1.000
ZZ 1.540⇥ 10�2 8.569⇥ 10�5 1.531⇥ 10�2 8.566⇥ 10�5 1.000

Total width 5.563⇥ 10�3 5.595⇥ 10�3 0.994

H ! bb̄ 8.492⇥ 10�5 1.536⇥ 10�4 8.526⇥ 10�5 1.542⇥ 10�4 0.996
⌧+⌧� 9.667⇥ 10�6 1.748⇥ 10�5 9.667⇥ 10�6 1.748⇥ 10�5 1.000
µ+µ� 3.419⇥ 10�8 6.182⇥ 10�8 3.419⇥ 10�8 6.183⇥ 10�8 1.000
ss̄ 3.070⇥ 10�8 5.552⇥ 10�8 3.115⇥ 10�7 5.636⇥ 10�8 0.985
cc̄ 3.787⇥ 10�6 6.848⇥ 10�6 3.706⇥ 10�6 6.706⇥ 10�6 1.021
tt̄ 5.976⇥ 10�6 1.081⇥ 10�5 5.986⇥ 10�6 1.082⇥ 10�5 0.998
gg 8.382⇥ 10�5 1.516⇥ 10�4 8.669⇥ 10�5 1.568⇥ 10�4 0.967
�� 1.642⇥ 10�5 2.969⇥ 10�5 1.653⇥ 10�5 2.989⇥ 10�5 0.993
Z� 5.300⇥ 10�5 9.584⇥ 10�5 5.300⇥ 10�5 9.584⇥ 10�5 1.000
W+W� 0.5872 1.062 0.5872 1.062 1.000
ZZ 0.2606 0.4713 0.2606 0.4712 1.000
hh 0.1493 0.2699 0.1493 0.2700 1.000
W±H⌥ 2.658⇥ 10�3 4.806⇥ 10�3 2.663⇥ 10�3 4.815⇥ 10�3 0.998

Total width 1.808 1.808 1.000

A ! bb̄ 1.568⇥ 10�3 2.564⇥ 10�3 1.573⇥ 10�3 2.572⇥ 10�3 0.997
⌧+⌧� 1.859⇥ 10�4 3.039⇥ 10�4 1.858⇥ 10�4 3.038⇥ 10�4 1.000
µ+µ� 6.573⇥ 10�7 1.075⇥ 10�6 6.571⇥ 10�7 1.075⇥ 10�6 1.000
ss̄ 5.385⇥ 10�7 8.804⇥ 10�7 5.466⇥ 10�7 8.939⇥ 10�7 0.985
cc̄ 7.219⇥ 10�5 1.180⇥ 10�4 7.067⇥ 10�5 1.156⇥ 10�4 1.021
tt̄ 1.395⇥ 10�2 2.280⇥ 10�2 1.399⇥ 10�2 2.288⇥ 10�2 0.997
gg 8.874⇥ 10�3 1.451⇥ 10�2 9.060⇥ 10�3 1.482⇥ 10�2 0.979
�� 2.380⇥ 10�5 3.891⇥ 10�5 3.155⇥ 10�5 5.159⇥ 10�5 0.754
Z� 5.725⇥ 10�6 9.360⇥ 10�6 5.724⇥ 10�6 9.361⇥ 10�6 1.000
Zh 0.5747 0.9396 0.5746 0.9397 1.000
ZH 2.221⇥ 10�6 9.852⇥ 10�6 6.029⇥ 10�6 9.859⇥ 10�6 0.999
W±H⌥ 0.4006 0.6550 0.4005 0.6550 1.000

Total width 1.635 1.635 1.000

Table 10: Numerical comparison between neutral Higgs branching ratios and decay widths
calculated with 2HDMC and HDECAY for reference scenario A.

20

[1312.5571]	  	  
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From	  Hybrid	  basis	  to	  Higgs	  basis	  

§ 	  Higgs	  basis	  condi`on	  for	  soy	  Z2-‐breaking:	  
	  
	  
	  
§ 	  Preferred	  basis	  in	  which	  soy	  Z2-‐breaking	  is	  manifest:	  
	  
	  
	  
§ 	  Remaining	  quar`c	  couplings	  (in	  the	  Higgs	  basis)	  determine	  the	  
	  	  	  CP-‐odd	  and	  charged	  Higgs	  mases:	  

where

Z(1) =

!

Z1 + Z4 Z6 + Z7

Z!
6 + Z!

7 Z2 + Z4

"

, (43)

and

Z(11) =

!

Z1Z14 + Z3Z24 + 2|Z6|2 + 2Re(Z6Z!
7 ) Z4Z67 + Z6Z14 + Z5Z!

67 + Z7Z24

Z4Z!
67 + Z!

6Z14 + Z!
5Z67 + Z!

7Z24 Z2Z24 + Z3Z14 + 2|Z7|2 + 2Re(Z6Z!
7 )

"

. (44)

In eq. (44), we have employed the notation,

Zab ! Za + Zb . (45)

Explicit calculation of eq. (42) yields

t1 = 2i
#

(Z1 " Z2)Im(Z6Z
!
7 )" Im(Z!

5Z
2
67)

$

= 0 , (46)

t2 = (Z1 " Z2)
#

Z1Z7 + Z2Z6 " Z34Z67 " Z5Z
!
67

$

+ 2Z67
#

Z67(Z
!
6 " Z!

7 ) + 2i Im(Z6Z
!
7 )
$

= 0 . (47)

First consider the case of Z7 = "Z6. In this case, t1 = 0 is automatic and t2 = 0 yields either
Z1 = Z2 and/or Z6 = Z7 = 0. The case of Z6 = Z7 = 0 corresponds to the so-called inert 2HDM
where the Z2 discrete symmetry is manifest in the Higgs basis. The case of Z1 = Z2 and Z6 = "Z7 is
a special point of the 2HDM parameter space. In this case !1 = !2 and !7 = "!6 for all basis choices.
Moreover, one is guaranteed that !6 = !7 = 0 in one of those basis choices. If Z7 #= "Z6, then it is
convenient to simplify eq. (47) by multiplying by Z!

67, which yields

(Z1"Z2)
#

Z1|Z7|2+Z2|Z6|2"Z34|Z67|2+Z1Z7Z
!
6+Z2Z6Z

!
7"Z5Z

2 !
67

$

+2|Z67|2
%

|Z6|2"|Z7|2
&

= 0 . (48)

The imaginary part of eq. (48) is equivalent to eq. (46). The real part of eq. (48) yields

(Z1"Z2)
#

Z1|Z7|2+Z2|Z6|2"Z34|Z67|2+Z12 Re(Z6Z
!
7 )"Re(Z5Z

2 !
67 )

$

+2|Z67|2
%

|Z6|2"|Z7|2
&

= 0 . (49)

We now impose the conditions specified by eq. (22), which ensures the CP-invariance of the scalar
potential and the vacuum.2 It immediately follows that t1 = 0. Moreover, since a real Higgs basis
exists, we are free to rephase the Higgs basis fields such that Z5, Z6 and Z7 are real. Then, the
remaining condition for the existence of a basis where !6 = !7 = 0, namely t2 = 0, takes the form

(Z1 " Z2)
#

Z1Z7 + Z2Z6 " Z345Z67
$

+ 2Z2
67(Z6 " Z7) = 0 , (50)

where Z345 ! Z3 +Z4 +Z5. If a real Higgs basis exists such that eq. (50) is satisfied, then there must
exist a real basis where !6 = !7 = 0 and " = 0. The value of tan # in this basis is easily determined
by inverting eqs. (13) and (20) [with " = 0] to obtain

!6 =
1
2

#

Z1c
2
! " Z2s

2
! " (Z3 + Z4 + Z5)c2!

$

s2! + Z6c!c3! + Z7s!s3! = 0 , (51)

!7 =
1
2

#

Z1s
2
! " Z2c

2
! + (Z3 + Z4 + Z5)c2!

$

s2! + Z6s!s3! + Z7c!c3! = 0 . (52)

Indeed, by adding and subtracting eqs. (51) and (52), respectively, we reproduce the result of eq. (50).
Moreover, the parameter tan # is also determined,

tan 2# =
2 tan #

1" tan2 #
=

2(Z6 + Z7)

Z2 " Z1
. (53)

2In the special case of the inert 2HDM where Z6 = !Z7 and Z1 = Z2, both the scalar potential and the vacuum are
automatically CP-invariant without further conditions.

8

Note that we can write Z6 + Z7 = !6
!

|Z6| + !6!7|Z7|
"

which indicates that " is a pseudo-invariant
quantity. Indeed, since the physical Higgs masses and couplings are independent of !6 = ±1, the
values of tan 2" that correspond to the existence of a basis of scalar fields in which #6 = #7 = 0 is
given by

tan 2" = ±
|Z6|+ !6!7|Z7|

Z2 ! Z1
. (54)

It is convenient to work in a convention where the ratio of vevs is non-negative, in which case we can
take

0 " " " 1
2$ . (55)

However, even within this convention, eq. (54) has two solutions corresponding to the two choices of
sign. That is, if " is a solution to eq. (54) that lies in the interval specified in eq. (55), then 1

2$! " is
also a solution that lies in the same interval.

The case of Z1 = Z2 and Z6 = !Z7 must be treated separately. In this case, a Z2 symmetry
governing the quartic terms of the scalar potential is automatically present, and the corresponding
values of " for which #6 = #7 = 0 are determined from the following quadratic equation,

(Z1 ! Z3 ! Z4 ! Z5) tan 2" + 2Z6(1! tan2 2") = 0 . (56)

Solving the quadratic equation for tan 2" and allowing for both sign choices of Z6 yields four solutions
for " in the interval specified in eq. (55). That is, if "1 and "2 are solutions for a given choice of !6,
then 1

2$ ! "1 and 1
2$ ! "2 are also solutions.

2.4 Special forms for the Higgs–fermion Yukawa couplings

We next turn to the Higgs-fermion Yukawa couplings. One starts out initially with a Lagrangian
expressed in terms of the scalar doublet fields !i (i = 1, 2) and the interaction–eigenstate quark fields.
After electroweak symmetry breaking, one can identify the 3# 3 quark mass matrices. By redefining
the left and right-handed quark and lepton fields appropriately, the quark and charged lepton mass
matrices are transformed into diagonal form, where the diagonal elements are real and non-negative.
The resulting Higgs–fermion interaction Lagrangian in terms of the quark and lepton mass-eigenstate
fields, U = (u, c, t), D = (d, s, b), N = (%e, %µ, %! ), and E = (e, µ, &), is given by

!LY = UL!
0 !
a hUa UR !DLK

†!"
a h

U
a UR + ULK!+

a h
D †
a DR +DL!

0
ah

D †
a DR

+NL!
+
a h

E †
a ER + EL!

0
ah

E †
a ER + h.c. , (57)

where K is the CKM quark mixing matrix, hU,D,L are 3 # 3 Yukawa coupling matrices and there is
an implicit sum over a = 1, 2. The diagonal quark and charged lepton mass matrices are given by
MF = (v1hF1 + v2hF2 )/

$
2, where F = U,D,E. However, the couplings of the neutral Higgs bosons to

the fermions are not flavor-diagonal. Thus, eq. (57) would yield large tree-level Higgs-mediated flavor
changing neutral currents (FCNCs) which is in conflict with observed data.

In a general extended Higgs model, tree-level Higgs mediated FCNCs are absent if for some choice
of basis of the scalar fields, at most one Higgs multiplet is responsible for providing mass for quarks or
leptons of a given electric charge, as first pointed out by Glashow, Weinberg and Pascos (GWP) [9,10].
This GWP condition can be imposed by a symmetry principle, which guarantees that the absence of
tree-level Higgs mediated FCNCs is natural. By an appropriate choice of symmetry transformation
laws for the fermions and the Higgs scalars, the resulting Higgs-fermion Yukawa interactions take on

9

m2
A = m2

Hs2��↵ +m2
hc

2
��↵ � Z5v

2

m2
H± = m2

A � 1

2
(Z4 � Z5)v

2
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TheoreIcal	  constraints	  restricts	  coupling	  space	  
§  As	  before,	  S-‐matrix	  unitarity	  and	  posi`vity	  of	  Higgs	  poten`al:	  

	  
Ex:	  Mh	  =	  125	  GeV	  <	  MH	  <	  MA	  =	  MH+	  	  (Z4	  =	  Z5	  <	  -‐2,	  Z7	  =	  0)	  
	  

	  
	  
	  
	  
	  
	  
	  
§  Allowed	  parameter	  region	  tends	  towards	  alignment	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  

at	  high	  tan	  β,	  posi`ve	  values	  of	  cβ-α	  preferred	  

MH	  =	  300	  GeV	   MH	  =	  600	  GeV	  

c��↵ ! 0

Zi ⇠ O(1)
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Scenario	  A	  (Type-‐I):	  Light	  Higgs	  rates	  

0.7	  –	  1.3	  
0.8	  –	  1.2	  
0.9	  –	  1.1	  
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Scenario	  A	  (Type-‐II):	  Light	  Higgs	  rates	  
§  Allowed	  region	  driven	  by	  total	  width	  (h	  -‐>	  bb)	  

0.7	  –	  1.3	  
0.8	  –	  1.2	  
0.9	  –	  1.1	  
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Total	  width	  
0.7	  –	  1.3	  
0.8	  –	  1.2	  
0.9	  –	  1.1	  

§ 	  The	  experimentally	  favored	  region	  is	  driven	  by	  the	  total	  h	  width,	  
	  	  	  which	  in	  turns	  follow	  closely	  the	  coupling	  to	  b	  quarks	  

ghdd̄
gSM
hdd̄

= sin(� � ↵)� tan� cos(� � ↵)
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Scenario	  A	  (Type-‐I):	  Rates	  relaIve	  to	  SM	  
§  Rates	  rela`ve	  to	  SM	  for	  cos(β-α)	  =	  0.05,	  tan	  β	  =	  3	  (Type-‐I)	  
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Scenario	  B	  
§  “Inverted”	  scenario	  with	  lightest	  Higgs	  below	  125	  GeV,	  	  

second	  CP-‐even	  Higgs,	  H,	  as	  the	  SM-‐like	  Higgs	  at	  125	  
Mh	  <	  MH	  =	  125	  GeV	  <	  MA	  =	  MH+	  (MH+	  above	  350	  GeV	  for	  Type-‐II)	  
	  	  
	  
	  
	  
	  
	  
	  
	  
	  

§  Constraints	  from	  LEP/Tevatron/LHC	  (gray).	  Below	  90	  GeV	  only	  
allowed	  solu`on	  is	  alignment	  of	  heavy	  Higgs:	  	  
In	  Type-‐II	  also	  LHC	  constraints	  at	  higher	  tan	  β	  for	  mh	  >	  90	  GeV.	  

Type-‐I:	  tan	  β	  =	  1.5	   Type-‐II:	  tan	  β	  =	  10	  

|c��↵| ! 1



2014-‐12-‐15	   From	  Higgs	  to	  Dark	  Ma5er	   53	  

Scenario	  B	  (Type-‐I):	  Decays	  

§  Fix	  the	  remaining	  free	  parameter	  cβ-α	  to	  ensure	  H	  SM-‐like,	  
get	  predic`ons	  for	  varying	  Mh	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

§  gg	  cross	  sec`on	  similar	  to	  SM,	  which	  modes	  could	  be	  used?	  

Type-‐I:	  tan	  β	  =	  1.5,	  cβ-‐α	  =	  0.99,	  MH	  =	  125.5	  GeV	  

W+W�

ZZ

bb̄
⌧⌧

��

ggH	  

ggH	  (SM)	  

SusHi	  (MSTW2008,	  8	  TeV)	  
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Scenario	  C	  
	  Overlapping	  CP-‐even	  and	  CP-‐odd	  Higgses	  @	  125	  GeV	  	  

	  Mh	  =	  MA	  =	  125	  GeV	  <	  MH	  =	  MH+	  	  

3.3 Scenario C

In this work we do not treat CP-violation in the 2HDM Higgs sector. Nevertheless, a situation of
CP-admixture could arise from the CP-odd Higgs boson, A, having a mass close to mh ! 125 GeV.
Requiring that mA = mh, we obtain from Eq. (62)

Z5 =
m2

H "m2
h

v2
s2!!". (66)

Requiring in addition that mH± = mH gives

Z4 = "Z5 " 2
m2

H "m2
h

v2
c2!!". (67)

The remaining parameter is fixed to Z7 = "Z5 in this scenario.

Figure 22: Allowed parameter space (green) with Scenario C relations imposed for the Zi and mH =
250 GeV.
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CP-admixture could arise from the CP-odd Higgs boson, A, having a mass close to mh ! 125 GeV.
Requiring that mA = mh, we obtain from Eq. (62)

Z5 =
m2

H "m2
h

v2
s2!!". (66)

Requiring in addition that mH± = mH gives

Z4 = "Z5 " 2
m2

H "m2
h

v2
c2!!". (67)

The remaining parameter is fixed to Z7 = "Z5 in this scenario.

Figure 22: Allowed parameter space (green) with Scenario C relations imposed for the Zi and mH =
250 GeV.
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Z7 = �Z5
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Scenario	  C:	  Degenerate	  states	  

§  Our	  framework	  is	  CP-‐conserving,	  but	  Scenario	  C	  can	  “emulate”	  a	  
CP-‐admixture	  for	  the	  signal	  in	  some	  channels:	  
	  
	  	  h/A	  -‐>	  γγ	  (inclusive)	  –	  A	  contribu`on	  exists,	  O(%)	  –	  interes`ng?	  
	  	  h/A	  -‐>	  WW/ZZ	  	  (inclusive)	  –	  no	  tree-‐level	  A	  coupling	  
	  	  h/A	  -‐>	  bb	  (VH)	  –	  no	  tree-‐level	  A	  coupling	  (inclusive/5H	  -‐	  yes)	  
	  	  h/A	  -‐>	  ττ	  (inclusive)	  –	  similar	  h/A	  contribu`ons	  possible	  

0.7	  –	  1.3	  
0.8	  –	  1.2	  
0.9	  –	  1.1	  

Type-‐I	  
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Scenario	  C:	  h/A	  producIon	  

A	  

h	  

Total	  

c��↵ = 0.05

SusHi	  (8	  TeV)	  

§  Total	  cross	  sec`on	  dominated	  by	  SM-‐like	  h	  for	  high	  tan	  β	  
(Yukawa	  decoupling	  in	  Type-‐I)	  
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Inclusive	  ττ	  signal	  composiIon	  
Rh/A

⌧⌧ =
�(pp ! h/A)⇥ BR(h/A ! ⌧⌧)

�(pp ! HSM)⇥ BR(HSM ! ⌧⌧)

c��↵ = 0.05

§  The	  currently	  allowed	  value	  for	  the	  ττ	  rate	  (within	  errors)	  could	  
easily	  accommodate	  for	  a	  large	  CP-‐odd	  contribu`on	  

A	  

h	  

Total	  

h	  

A	  

c��↵ = 0.05
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Scenario	  C	  (Type-‐II):	  ττ	  composiIon	  

§  Larger	  varia`on	  in	  h	  rate	  from	  BR(h	  -‐>	  ττ)	  (non-‐zero	  cβ-α)	  
Rela`ve	  contribu`on	  of	  CP-‐odd	  Higgs	  always	  above	  35%	  
	  

§  Low/high	  tan	  β	  in	  principle	  excluded	  from	  direct	  searches	  /	  rates	  
Define	  benchmark	  at	  minimum	  of	  combined	  rate	  

c��↵ = 0.05 c��↵ = 0.05

A	  

h	  

Sum	  

h	  

A	  


