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We have been collecting some of the simplest extensions of the scalar 
sector to test them at the LHC. We have also looked for ways to 

distinguish them and compare them with other models, e.g., the NMSSM  

LHC 

RxSM 
CxSM NMSSM 

2HDM 
C2HDM 

N2HDM 

New scalar? 

Precision 
measurements? 

� So far no new particles � Discovered Higgs very SM-like 

GM 



3 

Working Group 3: Sub-group – Neutral Extended Scalars  

Yellow Report 4: benchmarks proposed in many different extensions, 
for the LHC Run 2 

Look for new scalars in simple extensions of the scalar sector. 
 
 
Can the LHC Higgs phenomenology and in particular signal rates and coupling 
measurements be used to distinguish models with extended Higgs sectors? 
 
 
How efficiently can the parameter space of the models be constrained through 
measurements of the Higgs properties? 

arXiv:1610.07922v1 



Benchmark models already being used by ATLAS and CMS 

� Real Singlet Extension of the SM (one extra real singlet) - RxSM 

� Two-Higgs Doublet Model (Real – one extra doublet) – 2HDM 

� Next-to-Minimal 2HDM (Real – one extra doublet) – N2HDM 

Scalar sector – 2 CP-even neutral scalars (broken phase) 

Scalar sector – 2 CP-even and 1 CP-odd neutral scalars plus 2 charged scalars 

Scalar sector – 3 CP-even and 1 CP-odd neutral scalars plus 2 charged scalars 

� Geogi-Machacek model (two extra SU(2)L triplet scalars) – GM 

Scalar sector – 3 CP-even, 4 charged scalars and 2 doubly charged scalars 



The Real Singlet 
ATLAS 1509.00672

CMS 1504.00936



The 2HDM (CP-conserving and no tree-level FCNC) 

ATLAS 1509.00672

CMS-PAS-HIG-16-007



The 2HDM 
(CP-conserving and no 

tree-level FCNC) 

ATLAS-CONF-2016-015

The interpretation of the cross section 
limits in the context of a Type-I 2HDM 

as a function of the parameters tanβ and 
cos(β - α) for mA = 600GeV. Variations 
of the natural width up to ΓA/mA=5% 
and different mixtures of gluon-fusion 
and b-quark-associated production are 

taken into account. Only points in 
parameter space where ΓA/mA < 5% are 

considered. 



The simplest extensions can easily be related in many cases 
because the couplings to gauge bosons and fermions are 

similar. Sometimes, it is easy to perform the interpretation 
of the Higgs couplings in the framework of different 

models.  

Such is the case of the CxSM, 2HDM, C2HDM, N2HDM 
and they can be compared with other models as for 

instance the NMSSM. 

In the next slides we show how the lightest Higgs couplings 
to gauge bosons and fermions are related in the different 

models. 



Lightest Higgs couplings to gauge bosons 

g2HDM
hVV = sin(β −α) gSM

hVV       V =W,Z

gC2HDM
hVV = (cβR11 + sβR12 ) gSM

hVV = cos(α2 )cos(β −α1) gSM
hVV = cos(α2 )g2HDM

hVV

α1 =α +π / 2

gCxSM
hVV = cos(α1) cos(α2 ) gSM

hVV
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gN 2HDM
hVV = (cβR11 + sβR12 ) gSM

hVV = cos(α2 )cos(β −α1) gSM
hVV = cos(α2 )g2HDM

hVV

Real component 

(singlet)

Imaginary component 

(singlet)

gRxSM
hVV = cos(α1) gSM

hVV



Lightest Higgs couplings to gauge bosons 

gC2HDM
hVV = (cβR11 + sβR12 ) gSM

hVV = cos(α2 )cos(β −α1) gSM
hVV = cos(α2 )g2HDM

hVV

α1 =α +π / 2
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gN 2HDM
hVV = (cβR11 + sβR12 ) gSM

hVV = cos(α2 )cos(β −α1) gSM
hVV = cos(α2 )g2HDM

hVV

singlet component

"Pseudoscalar" 

component (doublet)

CP-conserving

CP-violating



Lightest Higgs Yukawa couplings 

€ 

κU
I =κD

I =κL
I =

cosα
sinβType I 

Type II 

€ 

κU
II =

cosα
sinβ

€ 

κD
II =κL

II = −
sinα
cosβ

Type F/Y 

Type LS/X 
€ 

κU
F =κL

F =
cosα
sinβ

€ 

κU
LS =κD

LS =
cosα
sinβ

€ 

κL
LS = −

sinα
cosβ

€ 

κD
F = −

sinα
cosβ

11 

� No FCNC at tree-level - all come in four version except RxSM/CxSM 

2HDM and C2HDM

N2HDM

2HDM 

With these broken 
symmetries the model 
has three CP-even 
scalars and no dark 
matter candidate. 



CP-conserving

CP-violating

Lightest Higgs Yukawa couplings 
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YN 2HDM ≡ c2Y2HDM

YC2HDM ≡ c2Y2HDM ± iγ5s2
tβ
1/ tβ

⎧
⎨
⎪

⎩⎪
=YN 2HDM ± iγ5s2

tβ
1/ tβ

⎧
⎨
⎪

⎩⎪

YCxSM ≡ c1c2YSM

when s2 → 0 

YC2HDM ≡YN 2HDM ≡Y2HDM

c2 = cos(α2 );   s2 = sin(α2 )
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And for the GM model 

Extended Higgs sectors with isospin doublets or singlets always  have hVV 
couplings less than or equal to those in the SM. 

The only way to enhance the hWW (hZZ) coupling above its SM value is 
through a scalar with isospin ≥ 1 that has a non-negative vev and mixes into 
the observed Higgs h (triplets benchmark). 
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Harting, Kumar, Logan, PRD90, 015007 (20154).



For the 2HDM the results obtained by ATLAS and CMS 
can be understood in terms of the Higgs couplings in the 

Alignment and Wrong-sign Yukawa limits 

Wrong-sign Yukawa coupling – at least one of the 
couplings of h to down-type and up-type fermion 

pairs is opposite in sign to the corresponding 
coupling of h to VV (in contrast with SM).  € 

sin(β −α) =1  ⇒    κD =1;   κU =1;   κW =1

€ 

κDκW < 0     or     κUκW < 0

The Alignment (SM-like) limit – all tree-level couplings to fermions and gauge 
bosons are the SM ones.  

The actual sign of each κi 
depends on the chosen range 

for the angles. 

sin(β + α) = 1 

sin(β - α) = 1 

at tree-level 

€ 

κ i =
g2HDM
gSM

€ 

κ i
2 =

Γ 2HDM  (h→i)
Γ SM  (h→i)



And lead to a very similar plot for the N2HDM 

SM-like and wrong-sign limit in the N2HDM type II – the interesting fact is 
that in the alignment limit the singlet admixture can go up to 54 %. 

SM like 
wrong-sign 

Muhlleitner, Sampaio, Santos, Wittbrodt, JHEP 1703 (2017) 094

singlet admixture of Hi (measure the singlet weight of Hi) 



Singlet admixture 
N2HDM type II  N2HDM type I  

tanβ as a function of the singlet admixture for type I N2HDM (left) and type II 
N2HDM (right)  – in grey all points with constraints; the remaining colours denote μ 
values measured within 5 % of the SM. In black all μ's. Singlet admixture slightly 

below 10 % almost independently of tanβ. 

The plot shows how far we can go in the measurement of the singlet component 
of the Higgs. 

Muhlleitner, Sampaio, Santos, Wittbrodt, JHEP 1703 (2017) 094



Comparing models 



Non-125 to ZZ Signal rates for the 
production of H↓ 
(upper) and H↑ 

(lower) 
for 13 TeV as a 
function of mH.  

Rates for CxSM always 
well bellow the SM 
line. Discovery more 

likely  
via Higgs to Higgs 

decays for the heavier 
ones.   

h125 takes most of 
the hVV coupling. 

Yukawa couplings can 
be different and lead 

to enhancements 
relative to the SM. 

Rates are larger for N2HDM and C2HDM and more in type II because the 
Yukawa couplings can vary independently.   

Muhlleitner, Sampaio, Santos, Wittbrodt, 1703.07750

Dashed line is the "SM". 



A comparison between the 
NMSSM and the broken 

Complex Singlet extension of 
the SM for final states with 
two scalars with different 

masses. 

Hi →H jHk        j ≠ kThe decay 

The models can be 
distinguished in some 

regions of the parameter 
space. 

Costa, Mühlleitner, Sampaio, Santos JHEP(2016) 034



Hint for CP violation? 

Hi →H jHk        j ≠ kThe decay 

Combinations of three decays 

h3 → h2h1     ⇒     CP(h3) =CP(h2 ) CP(h1) =CP(h2 )h1 → ZZ     ⇐     CP(h1) =1

Already observed 

h2(3) → h1Z    CP(h2(3) ) = −1

Decay CP eigenstates Model 

None C2HDM, other CPV extensions 

2 CP-odd; None C2HDM, NMSSM,3HDM... 

3 CP-even; None C2HDM, cxSM, NMSSM,3HDM... 

  

h2 → ZZ   CP(h2 ) =1

h3 → h2Z     CP(h3) = − CP(h2 )

C2HDM - D. Fontes, J.C. Romão, RS, J.P. Silva; PRD92 (2015) 5, 055014. 

NMSSM - S.F. King, M. Mühlleitner, R. Nevzorov, K. Walz; NPB901 (2015) 526-555.  



1st (quiet meeting) post-YR4 

Meeting 22 May 2017 

https://indico.cern.ch/event/640710/ 

¤Tools and approaches for wide scalar resonance search X->ZZ (WW) final state in 
CMS, Speaker: Meng Xiao. 
 
¤ How to run scalar singlet extensions in ScannerS, Speaker: Marco Sampaio.  
 
¤ Heavy Higgs decays to mu tau (LFV), Speaker: Keith Thrasher.  
 
¤ Charged Higgs in 2HDM, Rachid Benbrik. 

See webpage for details 



The end 
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Extra slides 
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Tools available for scans and 
decay rates 



GM model 

http://people.physics.carleton.ca/~logan/gmcalc/ 

https://2hdmc.hepforge.org/ 

2HDMC 
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We define the following admixtures 
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CxSM - sum of real and complex 

complex singlet components

C2HDM – "pseudoscalar" component

N2HDM and NMSSM – singlet component

In the CxSM all couplings to the SM particles are rescaled by one common factor. 
The maximum allowed singlet admixture in the CxSM is given by the lower bound on 

the global signal strength µ and amounts to 

not restricted by additional supersymmetric symmetries, it is easiest in this model to adjust it
to be compatible with the applied constraints.

5.3 Phenomenology of the h125 Singlet Admixture

We investigate the phenomenology of the h125 with respect to its possible singlet admixture. In
particular, we study to which extent this influences the reduced rates of the h125 that are still
compatible with the constraints in the various models, and if this can be used to distinguish
between the models. Additionally, we compare the CP-conserving singlet admixture with the
CP-violating pseudoscalar admixture. Since the measurement of CP violation is experimentally
very challenging, in the present phase of the LHC an h125 of the C2HDM can be mis-identified
as CP-even Higgs boson, so that a comparison of the singlet and pseudoscalar admixture is at
order.

In the CxSM, the singlet admixture to a Higgs boson Hi is given by the sum of the real and
complex singlet parts squared, i.e.

⌃CxSM
i = (Ri2)

2 + (Ri3)
2 , (5.75)

with the matrix R defined in Eq. (2.5). In the N2HDM, the singlet admixture is given by

⌃N2HDM
i = (Ri3)

2 , (5.76)

where R has been introduced in Eq. (2.41). Also in the NMSSM the singlet admixture is obtained
from the square of the ’i3’ element of the mixing matrix. Note, that we use the mixing matrix
including higher order corrections as obtained from NMSSMTools. The pseudoscalar admixture
 of the C2HDM, finally, is defined as

 C2HDM
i = (Ri3)

2 , (5.77)

with R introduced in Eq. (2.22). In the following we drop the subscript and denote by ⌃ and  
the singlet and pseudoscalar admixture of h125, respectively.

All our models preserve custodial symmetry so that

µZZ = µWW ⌘ µV V . (5.78)

We therefore combine the lower 2⇥1� bound from µZZ with the upper bound on µWW [91] and
use

0.79 < µV V < 1.48 . (5.79)

We maybe better move this up to the scan section, no?

The CxSM: We begin our discussion with the CxSM. In this model, the rescaling of all
couplings to the SM particles by one common factor makes an agreement of large singlet admix-
tures with the experimental data impossible. The maximum allowed singlet admixture in the
CxSM is given by the lower bound on the global signal strength µ and amounts to

⌃CxSM
max ⇡ 1 � µmin ⇡ 11% . (5.80)

This is only true if there are no substantial Higgs-to-Higgs decays, no?

19



soft breaking terms       

The CxSM 

€ 

S →  S* ⇒ A →  − A
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The CxSM 



Softly broken Z2 symmetric we choose a vacuum configuration 

Φ1 =
1
2

0
v1

"

#
$$

%

&
'';   Φ2 =

1
2

0
v2

"

#
$$

%

&
''

V (Φ1,  Φ2 ) =m1
2Φ1

+Φ1 +m2
2Φ2

+Φ2 − m12
2 Φ1

+Φ2 + h.c.( )+ λ1

2
Φ1

+Φ1( )
2
+
λ2

2
Φ2

+Φ2( )
2

                 +λ3 Φ1
+Φ1( ) Φ2

+Φ2( )+λ4 Φ1
+Φ2( ) Φ2

+Φ1( )+ λ5

2
Φ1

+Φ2( )
2
+ h.c.⎡

⎣⎢
⎤
⎦⎥

� m2
12 and λ5 real  potential is CP-conserving (2HDM) 

� m2
12 and λ5 complex potential is explicitly CP-violating (C2HDM) 
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The (C)2HDM 



Parameters 

ratio of vacuum expectation values 

€ 

tanβ =
v2
v1

2 charged, H±, and 3 neutral 

rotation angles in the neutral sector 

CP-conserving - h, H and A 

CP-violating - h1, h2 and h3 

CP-conserving – α 

CP-violating - α1, α2 and α3 

soft breaking parameter 

CP-conserving – m2
12 

CP-violating – Re(m2
12) 33 



The N2HDM 

Spontaneously broken 

Explicitly broken 

€ 

tanβ =
v2
v1



35 



Wrong sign in the 2HDM and N2HDM 

μV/μF  vs  μϒϒ in type II 2HDM (left) and N2HDM (right) – in yellow the 
"right sign" and in pink the wrong sign points. Dashed lines are current limits. 

The h125 can be any of the Hi in the N2HDM and h or H in the 2HDM.  
New variable that can be used to probe the wrong sign limit. 



Wrong sign can be probed in the 2HDM and N2HDM with the same 
measurements 

μγγ vs  μττ (only wrong sign points) in type II 2HDM (left) and N2HDM 
(right) – in "pink" all points and in green points where μ ZZ is measured 

within 5% of the SM value. Dashed lines are current limits.  
Very similar behaviors in the two models.  

Muhlleitner, Sampaio, Santos, 
Wittbrodt, JHEP 1703 (2017) 094



Non-125 to γγ 

Signal rates for the 
production of H↓ 
(upper) and H↑ 

(lower) 
for 13 TeV as a 
function of mH. 

Dashed line is the 
"SM". 

h to tt threshold 

Rates can be quite large in the N2HDM 
and C2HDM. Again more freedom in the 

couplings. 



Non-125 to tt 

Signal rates for the 
production of H↓ 
(upper) and H↑ 

(lower) 
for 13 TeV as a 
function of mH. 

Dashed line is the 
"SM". 



Non-125 to ττ 
Signal rates for the 

production of H↓ 
(upper) and H↑ 

(lower) 
for 13 TeV as a 
function of mH. 

Dashed line is the 
"SM". 

Region where only 
the N2hDM II 

survives. 



Exclusion limits at the 95% CL for sH versus mH
±in the Georgi-Machacek Higgs Triplet Model. 

Also included on the plot are the median, ± 1 σ and 
± 2 σ values within which the limit is expected to 

lie in the absence of a signal. 

The GM  
Model 

PRL114, 231801 (2015)


