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Outline
A simple extension beyond the Standard Model: the 2 Higgs doublet model 

Differential distributions for BSM searches



Two-Higgs doublet model (2HDM)
Simplest extension of the SM, with two            doublets with 

The last term induces FCNC and is eliminated by setting                     , e.g. by 
imposing some extra symmetry 

Minimising the potential one gets two VEVs, one for each doublet   

To avoid sources of CP violation, we assume that both     and     are real   

SU(2) Y = 1

V = m2
11�

†
1�1 +m2

22�
†2�2 �m2

12

⇣
�†

1�2 + �†
2�1

⌘
+

�1

2
(�†

1�1)
2 +

�2

2
(�†

2�2)
2

+ �3(�
†
1�1)(�

†
2�2) + �4(�

†
1�2)(�

†
2�1) +

�5

2

h
(�†

1�2)
2 + (�†

2�1)
2
i

+
h
(�†

1�2)
⇣
�6�

†
1�1 + �7�

†
2�2

⌘
+ h.c.

i

�6 = �7 = 0

h�1i =
1p
2

✓
0
v1

◆
h�2i =

1p
2

✓
0
v2

◆

v1 v2

[Branco Ferreira Lavoura Rebelo Sher Silva Phys. Rep. 516 (2012) 1]



Particle content of the 2HDM
We expand each field around the corresponding VEV 

Three scalars become the longitudinal degrees of freedom of W and Z bosons 

This leaves us with 5 physical states
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Higgs masses
Expanding the potential around the minimum one finds the masses of the 
physical Higgs bosons 

Define  

Pseudoscalar:  

Charged Higgs:  
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Higgs masses
Expanding the potential around the minimum one finds the masses of the 
physical Higgs bosons 

Define  

Scalar:  

Diagonalising the mass matrix introduces a mixing angle 

Decoupling limit: for                the heavy states                 decouple leaving a 
single neutral scalar    looking like the SM Higgs     
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Yukawa couplings
Most general Yukawa interactions, after diagonalisation of Yukawa couplings 
with CKM matrix 

To avoid FCNC we have four options 

Type I:                              , i.e. fermions couple only to 

Type II:                              , i.e.      couples to down and leptons,      to up    

Type III:                              , i.e.      couples to leptons,      to quarks 

Type IV:                              , i.e.     couples to down,      to up and leptons 

Note. SUSY is a Type II 2HDM 
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0
ah

e†
a eR + h.c.

hu
1 = hd

1 = he
1 = 0 �2

hu
1 = hd

2 = he
2 = 0 �1 �2

hu
1 = hd

1 = he
2 = 0 �1 �2

hu
1 = hd

2 = he
1 = 0 �1 �2



2HDM couplings
Type I 

Type II 

Type III and type IV have FCNC problems
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2HDM searches: CP-even
The scalar bosons are searched in the WW decay channel 

ATLAS-CONF-2013-027

2HDM search

H ! WW ! e⌫µ⌫
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Figure 1: Leading order Feynman diagrams for Higgs boson production via (a) gluon fusion and (b)

vector boson fusion (VBF).

The expected signal rates depend on the mixing angles α and β of the two Higgs doublets and the mass

mH of the higher mass state H. Different signal hypotheses characterized by different values of cosα,
tan β, and mH are tested using the CLs method. Artificial neural networks (NN) are used to enhance the

sensitivity by combining the information contained in various kinematic and angular variables. The mass

interval of 135 < mH < 300 GeV is probed in the hypothesis tests.

2 Data samples and samples of simulated events

The analysis described in this note uses LHC pp collision data at a centre-of-mass energy of 8 TeV

collected with the ATLAS detector [21] between April and September 2012. The selected events were

recorded based on single-electron and single-muon triggers. Stringent detector and data quality require-

ments are applied, resulting in a dataset corresponding to an integrated luminosity of 13.0 fb−1.
The ATLAS detector is built from a set of cylindrical subdetectors, which cover almost the full solid

angle1 around the interaction point.

ATLAS is composed of an inner tracking system close to the interaction point, surrounded by a super-

conducting solenoid providing a 2 T axial magnetic field, electromagnetic and hadronic calorimeters, and

a muon spectrometer. The electromagnetic calorimeter is a lead liquid-argon sampling calorimeter (LAr)

with high granularity. An iron-scintillator tile calorimeter provides hadronic energy measurements in the

central pseudorapidity range. The endcap and forward regions are instrumented with LAr calorimeters

for both electromagnetic and hadronic energy measurements. The muon spectrometer consists of three

large superconducting toroids, a system of trigger chambers, and precision tracking chambers.

In the analysis, the production of the two CP-even Higgs bosons h and H of the 2HDM is modelled

with samples of simulated events generated for SM Higgs boson studies, while scaling the production

cross sections according to the parameters of the 2HDM. The mass of the light Higgs boson h is fixed to

mh = 125 GeV in simulation. The mass of the heavy Higgs boson H is varied between 135 and 300 GeV,

using steps of 5 GeV between 135 and 200 GeV and steps of 20 GeV between 200 and 300 GeV. In

the search region, the natural width of the Higgs bosons is negligible with respect to the experimental

resolution. The samples of simulated events for the Higgs boson gluon fusion and the VBF processes are

generated with the POWHEG [22, 23] package, interfaced to PYTHIA [24] for showering and hadroni-

sation. The associated WH and ZH production processes are modelled using PYTHIA, with the Higgs

boson decaying to W+W−, while the W and Z bosons decay inclusively to all modes. At particle level

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector

and the z-axis along the beam direction. The z-axis is parallel to the anti-clockwise beam viewed from above. The pseudora-

pidity η is defined as η = − ln[tan(θ/2)], where the polar angle θ is measured with respect to the z-axis. The azimuthal angle φ
is measured with respect to the x-axis, which points towards the centre of the LHC ring. Transverse momentum and energy are

defined as pT = p sin θ and ET = E sin θ, respectively. The ∆R distance is defined as ∆R =
√

(∆η)2 + (∆φ)2.
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Figure 7: Exclusion contours in the cosα–mH plane for type-I 2HDMs.
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Figure 8: Exclusion contours in the cosα–mH plane for type-II 2HDMs.
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Figure 1: Leading order Feynman diagrams for Higgs boson production via (a) gluon fusion and (b)

vector boson fusion (VBF).

The expected signal rates depend on the mixing angles α and β of the two Higgs doublets and the mass

mH of the higher mass state H. Different signal hypotheses characterized by different values of cosα,
tan β, and mH are tested using the CLs method. Artificial neural networks (NN) are used to enhance the

sensitivity by combining the information contained in various kinematic and angular variables. The mass

interval of 135 < mH < 300 GeV is probed in the hypothesis tests.

2 Data samples and samples of simulated events

The analysis described in this note uses LHC pp collision data at a centre-of-mass energy of 8 TeV

collected with the ATLAS detector [21] between April and September 2012. The selected events were

recorded based on single-electron and single-muon triggers. Stringent detector and data quality require-

ments are applied, resulting in a dataset corresponding to an integrated luminosity of 13.0 fb−1.
The ATLAS detector is built from a set of cylindrical subdetectors, which cover almost the full solid

angle1 around the interaction point.

ATLAS is composed of an inner tracking system close to the interaction point, surrounded by a super-

conducting solenoid providing a 2 T axial magnetic field, electromagnetic and hadronic calorimeters, and

a muon spectrometer. The electromagnetic calorimeter is a lead liquid-argon sampling calorimeter (LAr)

with high granularity. An iron-scintillator tile calorimeter provides hadronic energy measurements in the

central pseudorapidity range. The endcap and forward regions are instrumented with LAr calorimeters

for both electromagnetic and hadronic energy measurements. The muon spectrometer consists of three

large superconducting toroids, a system of trigger chambers, and precision tracking chambers.

In the analysis, the production of the two CP-even Higgs bosons h and H of the 2HDM is modelled

with samples of simulated events generated for SM Higgs boson studies, while scaling the production

cross sections according to the parameters of the 2HDM. The mass of the light Higgs boson h is fixed to

mh = 125 GeV in simulation. The mass of the heavy Higgs boson H is varied between 135 and 300 GeV,

using steps of 5 GeV between 135 and 200 GeV and steps of 20 GeV between 200 and 300 GeV. In

the search region, the natural width of the Higgs bosons is negligible with respect to the experimental

resolution. The samples of simulated events for the Higgs boson gluon fusion and the VBF processes are

generated with the POWHEG [22, 23] package, interfaced to PYTHIA [24] for showering and hadroni-

sation. The associated WH and ZH production processes are modelled using PYTHIA, with the Higgs

boson decaying to W+W−, while the W and Z bosons decay inclusively to all modes. At particle level

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector

and the z-axis along the beam direction. The z-axis is parallel to the anti-clockwise beam viewed from above. The pseudora-

pidity η is defined as η = − ln[tan(θ/2)], where the polar angle θ is measured with respect to the z-axis. The azimuthal angle φ
is measured with respect to the x-axis, which points towards the centre of the LHC ring. Transverse momentum and energy are

defined as pT = p sin θ and ET = E sin θ, respectively. The ∆R distance is defined as ∆R =
√

(∆η)2 + (∆φ)2.
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Figure 7: Exclusion contours in the cosα–mH plane for type-I 2HDMs.

18

 [GeV]Hm
150 200 250 300

)
α

co
s(

-1

-0.5

0

0.5

1
 PreliminaryATLAS

=8 TeVs  -1 dt = 13 fbL ∫
=1β2HDM Type-II  tan 

νµνe→WW→H

Exp. 95% CL
Exp. 99% CL
Obs. 95% CL
Obs. 99% CL

(a)

 [GeV]Hm
150 200 250 300

)
α

co
s(

-1

-0.5

0

0.5

1
 PreliminaryATLAS

=8 TeVs  -1 dt = 13 fbL ∫
=3β2HDM Type-II  tan 

νµνe→WW→H

Exp. 95% CL
Exp. 99% CL
Obs. 95% CL
Obs. 99% CL

(b)

 [GeV]Hm
150 200 250 300

)
α

co
s(

-1

-0.5

0

0.5

1
 PreliminaryATLAS

=8 TeVs  -1 dt = 13 fbL ∫
=6β2HDM Type-II  tan 

νµνe→WW→H

Exp. 95% CL
Exp. 99% CL
Obs. 95% CL
Obs. 99% CL

(c)

 [GeV]Hm
150 200 250 300

)
α

co
s(

-1

-0.5

0

0.5

1
 PreliminaryATLAS

=8 TeVs  -1 dt = 13 fbL ∫
=20β2HDM Type-II  tan 

νµνe→WW→H

Exp. 95% CL
Exp. 99% CL
Obs. 95% CL
Obs. 99% CL

(d)

Figure 8: Exclusion contours in the cosα–mH plane for type-II 2HDMs.
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tan β, and mH are tested using the CLs method. Artificial neural networks (NN) are used to enhance the
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interval of 135 < mH < 300 GeV is probed in the hypothesis tests.
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using steps of 5 GeV between 135 and 200 GeV and steps of 20 GeV between 200 and 300 GeV. In

the search region, the natural width of the Higgs bosons is negligible with respect to the experimental

resolution. The samples of simulated events for the Higgs boson gluon fusion and the VBF processes are

generated with the POWHEG [22, 23] package, interfaced to PYTHIA [24] for showering and hadroni-

sation. The associated WH and ZH production processes are modelled using PYTHIA, with the Higgs
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Figure 7: Exclusion contours in the cosα–mH plane for type-I 2HDMs.
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Figure 8: Exclusion contours in the cosα–mH plane for type-II 2HDMs.
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2HDM searches: CP-odd
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(a) Type-I 2HDM, cos(� � ↵) = 0.1
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(b) Type-II 2HDM, cos(� � ↵) = 0.1
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(c) Lepton-specific 2HDM, cos(� � ↵) = 0.1
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(d) Flipped 2HDM, cos(� � ↵) = 0.1

Fig. 5. The interpretation of the cross-section limits in the context of the various 2HDM types as a function
of the parameters tan� and mA for cos(� � ↵) = 0.1: (a) Type-I (a), (b) Type-II, (c) Lepton-specific, and
(d) Flipped. Variations of the natural width up to �A/mA=5% are taken into account. The grey solid
area indicates that the width is larger than 5% of mA. For Type-II and Flipped 2HDM, the b-associated
production is included in addition to the gluon fusion. The blue shaded area denotes the area excluded by
taking into account the constraints on the CP-odd Higgs boson derived by considering the A ! ⌧⌧ decay
mode after reinterpreting the results in Ref. [13].
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in the context of Type-I and Type-II 2HDM formulations, thereby reducing the parameter space
for extensions of the standard model.
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2HDM searches: charged higgs
Charged Higgs particles are searched in association with   and    quarks  

ATLAS-CONF-2013-090 Charged Higgs

t ! H+b Ht                and       associated production.
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Differential distribution
Higgs differential cross sections have been recently measured



Differential distributions and top partners
Suppose you have a simple model in which the top quark is accompanied by a 
fermionic top-partner 

In the total cross section both the top and the top-partner decouple 
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Differential distributions and top partners
A high-      gluon can resolve the top loop, thus giving a different functional 
behaviour for the top and the top-partner 

Need precision calculations to constrain SM background!
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Differential distributions for BSM searches
The     -spectrum of the Higgs can be used to exclude various BSM scenarios, 
like composite Higgs or SUSY 

The boosted nature of the Higgs makes it possible to discriminate signal from 
background in the WW and      channels

pT
11

dependence is more enhanced at the reconstructed level. This is because most of the selection cuts are more
e�cient for the boosted Higgs event topology.
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FIG. 4. Signal distributions for the SM and six model points, normalized to the respective cross-sections. Left panel:
the collinear mass M

col

after cut 7. precT,H is shown for H ! ⌧⌧ (H ! W`W`) in the central (right) panel after all
optimized selection cuts.

Model point (g) 0.5 0.4 0.3 0.2 0.1 0 (SM) -0.1 -0.2 -0.3 -0.4 -0.5

3. precT,H > 200 GeV 1.109 1.084 1.061 1.039 1.019 1.000 0.983 0.968 0.954 0.942 0.932

4. nfat

j = 1 1.143 1.110 1.079 1.050 1.024 1.000 0.978 0.959 0.941 0.926 0.913

5. nb = 0 1.143 1.110 1.079 1.050 1.024 1.000 0.978 0.959 0.941 0.926 0.913

6. /pT
inside two `s 1.156 1.120 1.086 1.055 1.026 1.000 0.976 0.954 0.935 0.918 0.903

7. m`` < 70 GeV 1.157 1.121 1.087 1.056 1.027 1.000 0.976 0.954 0.934 0.917 0.902

8. |M
col

�mH | < 10 GeV 1.163 1.125 1.091 1.058 1.028 1.000 0.974 0.951 0.930 0.912 0.896

precT,H > 300 GeV 1.392 1.303 1.219 1.140 1.067 1.000 0.938 0.882 0.831 0.785 0.745

precT,H > 400 GeV 1.711 1.544 1.389 1.247 1.117 1.000 0.895 0.802 0.722 0.653 0.597

precT,H > 500 GeV 2.131 1.857 1.607 1.381 1.179 1.000 0.845 0.715 0.608 0.525 0.465

precT,H > 600 GeV 2.602 2.201 1.840 1.520 1.240 1.000 0.801 0.642 0.523 0.445 0.407

TABLE V. The relative cross-section �/�
SM

for several new physics model points after successive selection cuts for ⌧⌧
optimization.

Model point (g) 0.5 0.4 0.3 0.2 0.1 0 (SM) -0.1 -0.2 -0.3 -0.4 -0.5

5. nb = 0 1.143 1.110 1.079 1.050 1.024 1.000 0.978 0.959 0.941 0.926 0.913

60. m``
T2

> 10 GeV 1.117 1.089 1.064 1.040 1.019 1.000 0.983 0.968 0.955 0.944 0.936

70. mT,`` < 125 GeV 1.117 1.089 1.064 1.040 1.019 1.000 0.983 0.968 0.955 0.944 0.936

80. �R`` < 0.4 1.164 1.125 1.088 1.056 1.026 1.000 0.977 0.958 0.942 0.929 0.920

precT,H > 300 GeV 1.360 1.278 1.201 1.129 1.062 1.000 0.943 0.892 0.845 0.803 0.767

precT,H > 400 GeV 1.684 1.520 1.370 1.234 1.110 1.000 0.903 0.819 0.749 0.692 0.648

precT,H > 500 GeV 2.093 1.822 1.577 1.358 1.166 1.000 0.860 0.747 0.659 0.598 0.564

precT,H > 600 GeV 2.377 2.043 1.738 1.463 1.217 1.000 0.812 0.654 0.525 0.425 0.354

TABLE VI. Relative size �/�
SM

for several new physics model points after successive selection cuts forWW optimization.

We will now estimate how much integrated luminosity is needed to find a certain significance for the signal.
We perform a binned likelihood analysis of signal and background using the CLs method, as described in [162].
We include systematic errors on the cross-section normalization assuming a Gaussian probability distribution.

⌧⌧
[Schlaffer Spannowsky Takeuchi Weyler Wymant EPJC 74 (2014) 10]



Learning outcomes
In this lecture we have learnt 

The 2HDM provides simple extension of the SM incorporating various BSM 
scenarios (including SUSY) 

Differential distributions can provide information that could not be accessed 
by measuring total cross sections only


