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� You come up with a “great model” 

� You don’t come up with a “great model” 

LHC - Two approaches to the research programme 

A complete programme was devised to search for 
supersymmetry at the LHC 

Goal – Try to understand (some) of the outstanding problems in 
particle physics or just find a new particle 

- Perform ad-hoc extension of the SM with the goal 
(see above) and look for signals of the model at the LHC 
 
- Do EFT 
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Working Group 3: Sub-group - Extended Scalars  
Interaction between experimentalists and theorists to look for 

signals of extended scalar sectors  

LHC - Two approaches to the research programme 

Yellow Report 4: sets the stage for the searches in the LHC Run 2 
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BSM-EHS – What are they good for?  

LHC 

RxSM 
CxSM NMSSM 

2HDM 
C2HDM 

N2HDM 

New scalar? 

Information from 
precision measurements? 

Discovered Higgs 
very SM-like GM 

Motivate searches 



WHICH BSM MODELS SHOULD WE GO FOR? 
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Extensions of the scalar sector - some guiding principles 

� Should contain a SM-like Higgs boson 

� Electroweak ρ parameter should be close to 1 

ρ ≡
mW
2

mZ
2 cos2θW

=
4Ti Ti +1( )−Yi2⎡
⎣

⎤
⎦

i
∑ | vi | 2 ci

2Yi
2 | vi | 2

i
∑

Ti     SU (2)L  Isospin

Yi    Hypercharge

vi    vev

ci    1 (1/2) for complex (real) representations

Q =T3 +Y / 2
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Extensions of the scalar sector - some guiding principles 

T =1/ 2;   Y =1⇒ ρtree−level =1

T = 0; Y = 0         Singlet
T =1/ 2;  |Y |=1    Doublet
T = 3; |Y |= 4      Septet
...............

For the SM we have 

One additional scalar field has to satisfy the relation 

4T (T +1) = 3Y 2

The simplest models that satisfy this relation are 

SM + any number of doublets + any number of neutral singlets 

Other studied models fine-tuned to have ρ≈1 include the SM + triplet 

v
Δ
<< v ⇒  ρtree =

1+2v
Δ
2 / v2

1+4v
Δ
2 / v2

≈1− 2v
Δ
2 / v2















NOW, WHAT ARE THEY GOOD FOR? 



Extended scalars programme: SM + singlets/doublets/triplet or 
combinations thereof. 

But what about the physics? 

Singlets and 2HDMs as benchmark models 

1. 2HDM Inert and Singlet – Dark matter candidate; 

2. 2HDM and singlet – Could help explain baryon asymmetry; 

3. 2HDM and singlet – Improve stability of the SM at high energies;  

4. 2HDM – Rich phenomenology (charged scalars in 2HDM); 

5. 2HDM fermiophobic – Decoupling from fermions (heavy scalars);  

6. 2HDM – Wrong sign limit (Yukawas) and non-decoupling effects; 

7. C2HDM – Large pseudo-scalar components in Yukawa couplings; 

8. C2HDM – Probe CP-violation in a combination of 3 scalar decays; 

9. 2HDM BGL – Controlled flavour changing neutral currents… and more 
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Working Group 3: Sub-group – Neutral Extended Scalars  

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

1. Motivate searches at the LHC – Look for new scalars (new signatures?) in 
simple extensions of the scalar sector – benchmark models for searches. 
 
2. Precision - H125 couplings measurements (sure-fire investment)  
 
a) How efficiently can the parameter space of these simple extensions be 
constrained through measurements of the Higgs properties? 
b) How SM-like is the SM-like Higgs? 
c) What are higher order EW corrections (of extended models) good for? 
 
3. Distinguishing models - Can the LHC Higgs phenomenology and in particular 
signal rates and coupling measurements be used to distinguish models with 
extended Higgs sectors? Needs new physics but it can also be a guide for 
signature motivated searches. 

arXiv:1610.07922v1 



1. Motivate searches -Benchmark models 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 

... and others like Georgi-Machacek model (two extra SU(2)L triplet scalars) – GM 

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

v

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟     vS( )

SM+complex singlet - CxSM 

Complex 2HDM – C2HDM 

Very	minimal	versions,	CP-conserving	and	
no	FCNC	(discrete	symmetries).	Both	
2HDM	and	N2HDM	come	in	4	types.	



Models 



soft breaking terms       

The CxSM (or RxSM) - Singlet 

€ 

S →  S* ⇒ A →  − A
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The CxSM 

Once a scalar is chosen to be the 125 GeV all couplings to other SM 
particles are modified by the same factor Rih!  



Softly broken Z2 symmetric Higgs potential 

and CP is not spontaneously broken 
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� 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 N2HDM 

Spontaneously broken 

Explicitly broken 

€ 

tanβ =
v2
v1



Couplings 



Lightest Higgs couplings to gauge bosons 

g2HDM
hVV = sin(β −α) gSM

hVV       V =W,Z

gC2HDM
hVV = cos(α2 )g2HDM

hVV

gCxSM
hVV = cos(α1) cos(α2 ) gSM

hVV
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gN 2HDM
hVV = cos(α2 )g2HDM

hVV

Real component Imaginary component

gRxSM
hVV = cos(α1) gSM

hVV

"Pseudoscalar" component (doublet)

CP-violating 2HDM

2HDM + Real singlet

singlet component

⎛
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2HDM + Complex singlet



Yukawa couplings 
(lightest scalar) 

IV = II’ = X = Lepton Specific= 3… III = I’ = Y = Flipped = 4…  

(no FCNC at tree-level) 

€ 

κU
I =κD

I =κL
I =

cosα
sinβType I 

Type II 

€ 

κU
II =

cosα
sinβ

€ 

κD
II =κL

II = −
sinα
cosβ

Type F 

Type LS 

€ 

κU
F =κL

F =
cosα
sinβ

€ 

κU
LS =κD

LS =
cosα
sinβ

€ 

κL
LS = −

sinα
cosβ

€ 

κD
F = −

sinα
cosβ

at tree-level 

€ 

κ i =
g2HDM
gSM

€ 

κ i
2 =

Γ 2HDM  (h→i)
Γ SM  (h→i)

Lightest Higgs Yukawa couplings 



CP-conserving N2HDM

CP-violating

2HDM

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

Independent of the Yukawa type 

€ 

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

2HDM singlet 

extension



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

Assumptions:	aligment,	lightest	Higgs	125	GeV,	mH+	=	mA,	U(1)	symmetry	(fixes	m12
2).	

Upper	bounds	at	95%	CL	on	
the	production	cross-section	
times	the	branching	ratio	
Br(A	→	ZH)×Br(H	→	bb)	in	
pb	for	gluon–gluon	fusion.	

Left:	expected;	right:	
observed.	

Observed	and	
expected	95%	CL	

exclusion	regions	in	
the	(mA,mH	)	plane	
for	various	tan	β	
values	for		Type	I	
(left),	and	Type	II	

(right). 

ATLAS 1804.01126v1



The	N2HDM	(CP-conserving	and	no	tree-level	FCNC)	
CMS PAS HIG-17-024

Expected	and	observed	95%	CL	limits	on	
σ(h)B(h	→	aa	→	2τ2b)	in	%.	Combined	eμ,	

eτ	and	μτ	channels.	The	inner	(green)	band	and	
the	outer	(yellow)	band	indicate	the	regions	
containing	68	and	95%,	respectively,	of	the	
distribution	of	limits	expected	under	the	

background-only	hypothesis.		
	

ATLAS, (γγjj final state),1803.11145

BRs	for	the	4	
different	

versions	of	the	
model.	

Exclusion	for	the	different	versions	for	
2	values	of	tanβ.	



€ 

Si →S jV

CPV 

CPC 

€ 

h1 →h2V C2HDM,... 

2HDM,... 

€ 

Hi →AiV (Ai →HiV )

Searches roadmap CP(Hi ) =1;   CP(Ai ) = −1

€ 

hi (no definite CP)

�H	→	AZ,	A	→	ZH	and	A	→	Zh125,	already	studied	by	ATLAS	and	CMS		

Si → SjSj
Si → SjSk

⎧
⎨
⎪

⎩⎪
hi → hjhj

CPC 
CPV 

Hi →H jHk

Ai → AjHk  

⎧
⎨
⎪

⎩⎪

hi → hjhk

CPC 

CPV 

3HDM, NMSSM,... 

CxSM, NMSSM,...  

RxSM, 2HDM, NMSSM,.. 

C2HDM,C-NMSSM,... 

Hi →H jH j  (AiAj )

�h125	→	AA	and		H	→	h125	h125		already	studied	by	ATLAS	and	CMS		



€ 

Si →VV

€ 

Hi →VV
CPC 

CPV 

€ 

hi →VV

For the 2HDM 

Searches roadmap 

Combinations of three decays 

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

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 )

CNMSSM – King, Mühlleitner, Nevzorov, Walz; NPB901 (2015) 526-555

C2HDM – Fontes, Romão, RS, Silva, PRD92 (2015) 5, 055014

h1 → ZZ   +  h2 → ZZ   +  h2 → h1Z  



€ 

Si → f j f j
Si → f j f k

⎧ 
⎨ 
⎩ 

FC 

€ 

h125 →τµ,  eµ,  eτ

FCNC 

Si  (any neutral scalar)

€ 

H /A→  τ +τ−

€ 

t →ch125

Still, the CP-nature of 
the Higgs not probed.  

Attempts in tth 
(production) and ττh 

(decay) starting (many 
theory papers). 

 

€ 

H /A→  µ+µ−

€ 

H / A →  tt 

€ 

H / A →  bb 

Done... 

Searches roadmap 



ATLAS 1509.00672

CMS 1504.00936

2.a) H125 couplings - The Real Singlet  

Real	singlet	plus	
SM.	Also	any	

portal	model	with	
a	singlet	in	the	
broken	phase. 

Limits	as	a	function	of	the	non-125	Higgs.	Taking	the	
largest	point	in	μH	to	be	the	exclusion	limit,	the	result	

does	not	depend	on	the	H	mass	and	width. 



2.a) b) H125 couplings - The 2HDM (CP-conserving and no tree-level 
FCNC) 

ATLAS 1509.00672

CMS-PAS-HIG-16-007

ATLAS and CMS allowed regions in type I and 
type II for the CP-conserving 2HDM. The central 
region is the SM-like limit (or alignment) where 

the Higgs couplings to the 
other SM particles are just the SM ones. 

The extra leg on the right has the wrong sign in 
the b/tau couplings relative to SM ones. 



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)

Ferreira, Gunion, Haber, RS, PRD89 
(2014) 11, 115003

Ferreira, Guedes, Sampaio, RS, 
JHEP 1412 (2014) 067



The	wrong-sign	strikes	back!	

CERN-LHC Seminar  10 April 2018, A. Gilbert on behalf of the CMS Collaboration 



Cross sections and widths are like in the 
SM+singlet for “large” tanβ. Only Higgs self-

couplings are different.  € 

κF ≈ κV = sin(β −α)

Using the same approx as in type II 

€ 

µVV ≈ µττ ≈ sin
2(β −α)

Except for h -> γγ 

€ 

µγγ ≈ κγ
2

1. The shape of type I 

€ 

sin2(β −α) = 0.8⇒

€ 

sin(β −α) = 0.89

Therefore bounds are 
almost independent 

of tanβ 
Which is close to 1.   

Also there is just one “leg” (next slide). 

€ 

κU =κD =κL =
cosα
sinβ

= sin(β −α) + cos(β −α)cot β



Because constraints force tanβ to be order 1 or larger, “there is 
no wrong-sign Yukawa coupling” in Type I (more about this later). 

Type I 

€ 

κU =κD =
cosα
sinβ

= sin(β+α) + cos(β+α)cot β

€ 

sin(β+α) =1  ⇒   κU =1    (κD =1)

€ 

sin(β −α) =
tan2 β −1
tan2 β+1

 ⇒   κV ≤ 0  if  tanβ ≤1



1. Z-> bb and b -> s γ included. 

€ 

sin(β+α) =1  ⇒   κD = −1    κU =1

€ 

sin(β −α) =
tan2 β −1
tan2 β+1

 ⇒   κV ≤ 0  if  tanβ ≤1

The dark side of the wrong sign scenario 

Possible in 
all types. 



1. Final results when the limits from BB mixing are included.  

The dark side of the wrong sign scenario 

Deschamps, Descotes-Genon, Monteil, 
Niess, T’Jampens, Tisserand, 2010



cos(β + α) = 1 

cos(β - α) = 1 

The SM-like limit 

€ 

⇒   κF =1;  κV =1

€ 

cos(β −α) =1  ⇒

€ 

cos(β+α) =1  ⇒   κD =1    (κU = −1)

€ 

cos(β −α) = −
tan2 β −1
tan2 β+1

 ⇒   κV ≤ 0  if  tanβ ≥1

Wrong-sign limit 

€ 

κDκV < 0

Heaviest CP-even scalar as 
the SM-like Higgs 



cos(β + α) = 1 

cos(β - α) = 1 

€ 

cos(β+α) =1  ⇒   κD = κU = −1

€ 

cos(β −α) = −
tan2 β −1
tan2 β+1

 ⇒   κV ≤ 0  if  tanβ ≥1

Type I and LS 

1. All couplings change sign – same conclusions as for the light scenario. 



N2HDM - Without the colour bar this is just the 2HDM 

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 

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

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



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 behavior in the two models.  

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



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. 



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, RS, Wittbrodt, JHEP 1703 (2017) 094



Back to The alignment limit in the 2HDM 

v1

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟   

v2

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
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Even if in the end we will have a line only, the mixing 

between vevs can only be seen with new physics.

Two examples:

What about tanβ? All couplings of h125 with the 
other SM particles are SM-like (even hhh). 

Haller, Hoecker, Kogler, 
Peiffer, Stelzer 1803.01853

From	B-physics:	Charged	Higgs	loops	–	
constraint	in	the	charged	Higgs	mass,	tanβ	

plane	ATLAS, JHEP01(2018)055

From	the	LHC:	
limit	on	the	
pseudoscalar	
mass,	tanβ		

plane.	



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 ≠ k
The decay 

The models can be 
distinguished in some 

regions of the parameter 
space. 

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

3. Distinguishing models  



Decays of h125 (h3 or h2) to H↓H↓ for all types in the C2HDM 

Left - Signal rates for 
the production of h125 

decaying to H↓ H↓ for 13 
TeV as a function of mH 

for Types I and II  

Right – Same for Flipped 
and Lepton Specific 

We are able to distinguish different types of the same model - maximal rates range 
from 10 to 30 pb 



Non-125 CP-even to ZZ in different models Signal rates for the 
production of H↓ 
(upper) and H↑ 

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

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, RS, Wittbrodt, JHEP 1708 (2017) 132

Dashed line is the "SM". 
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Models with triplets: focus on Georgi-Machacek model (⇢ = 1)
Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs (bi-)doublet + two isospin-triplets in a bi-triplet:

� =

 
�
0⇤

�
+

��+⇤ �
0

!

X =

0

B@
�
0⇤

⇠
+

�
++

��+⇤
⇠
0

�
+

�
++⇤ �⇠+⇤ �

0

1

CA

under a global SU(2)L⇥SU(2)R

Physical spectrum:

- Two custodial singlets ! h
0, H

0
mh, mH  very similar

- Custodial triplet ! (H+
3 , H

0
3 , H

�
3 ) m3  to 2HDM

- Custodial fiveplet (H++
5 , H

+
5 , H

0
5 , H

�
5 , H

��
5 ) m5  new!

! Focus on direct searches for fermiophobic H5 states

1
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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 (2015).



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)



Tools available for scans and 
decay rates 



https://2hdmc.hepforge.org/ 



http://people.physics.carleton.ca/~logan/gmcalc/ 
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https://scanners.hepforge.org/ 

Determines the global minimum 
of BSM Higgs models at NLO 
and to extract the NLO triple 

Higgs couplings. 
         

Basler, Muhlleitner; 1803.02846

BSMPT - Beyond the Standard Model Phase 
Transitions – 

A Tool for the Electroweak Phase Transition in 
Extended Higgs Sectors  



(includes	2HDM)	

[M.	Mühlleitner,	J.C.	Romão,	R.	Santos,	J.P.	Silva,	J.	Wittbrodt,	JHEP	1802	(2018)	073]		

https://www.itp.kit.edu/~maggie/C2HDM/ 



The end and 
Extra slides 
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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?
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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) 61 



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. 

Muhlleitner, Sampaio, RS, Wittbrodt, JHEP 1708 (2017) 132



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". 

Muhlleitner, Sampaio, RS, Wittbrodt, JHEP 1708 (2017) 132



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. 

Muhlleitner, Sampaio, RS, Wittbrodt, JHEP 1708 (2017) 132
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Models with triplets: focus on Georgi-Machacek model (⇢ = 1)
Georgi & Machacek 1985; Chanowitz & Golden 1985

SM Higgs (bi-)doublet + two isospin-triplets in a bi-triplet:

� =

 
�
0⇤

�
+

��+⇤ �
0

!

X =

0

B@
�
0⇤

⇠
+

�
++

��+⇤
⇠
0

�
+

�
++⇤ �⇠+⇤ �

0

1

CA

under a global SU(2)L⇥SU(2)R

Physical spectrum:

- Two custodial singlets ! h
0, H

0
mh, mH  very similar

- Custodial triplet ! (H+
3 , H

0
3 , H

�
3 ) m3  to 2HDM

- Custodial fiveplet (H++
5 , H

+
5 , H

0
5 , H

�
5 , H

��
5 ) m5  new!

! Focus on direct searches for fermiophobic H5 states

1
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Focus for YR4:

VBF ! H
±±
5 ! W

±
W

± VBF + like-sign dileptons + MET

VBF ! H
±
5 ! W

±
Z VBF + qq``; VBF + 3` + MET

m5 � 200 GeV (for on-shell W/Z pairs)

Andrea Carlo Marini 6 Aug 2016

Charged Higgs bosons appear in many extensions of the SM

Introduction

2

2HDM Triplets models …
! type I / type II / type Y…"
! Light: mH± < mt - mb "
! t→H±b"
! ttbar and single top productions"
! for tan# > 5 preferentially decays 

into !"

! Heavy: mH± > mt - mb "
! for very high masses H±→tb"
! !(H±→ !") ~1—10 %
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! Introduce H±WZ couplings at tree level"
! Di$erent phenomenology wrt nHDM"
!
!
! Georgi-Machacek: 
! real and complex triplet"
! free parameters: mass and sinTH

Nucl. Phys. B 262 (1985)
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2. non-H125 searches 
- 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. 



€ 

H ± →W ±V Triplets 

Done by ATLAS 

Main decays for CPC and CPV 2HDM are the same. 

€ 

H ± →W ±Z

€ 

H ± →W ±S

So far there seems to be no concrete 
plans even for H+->W+h125 

Doubly charged Higgs 
have been searched for 

in leptons and WW. 

Searches roadmap 



Real Singlet model 

H→ hh
NLO Corrections shown  
to be only a few percent 

2.c) What are radiative corrections good for? 

Bojarski, Chalons, Lopez-Val, Robens, JHEP1602 (2016) 142 

Once upon a time we thought we would find more scalars and the radiative 
corrections would have to be ready. But... 
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SM-like limit  
sin(β - α) = 1 

Wrong sign 
sin(β + α) = 1 

Krause, Lorenz, Muhlleitner, RS, Ziesche, JHEP1609 (2016) 143

Several renormalization schemes 
are compared. Only process 
dependent is not stable. 

Corrections are under control for 
reasonably large widths. Small 

widths mean large relative 
corrections as expected. 

Real 2HDM 
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Krause, Lopez-Val, Muhlleitner, RS, JHEP1712 (2017) 077 

Corrections of heavy Higgs to ZZ 
in different scenarios. 

N2HDM 

What can we do with all this? 
 

a) New scalar is found – 
include the corrections and go 
home. They are probably too 
small anyway to be sure which 

model it is. 
 

b) Nothing new is found but 
there is a deviation – check 
for the thousand parameter 
combinations that can explain 
the deviation. Maybe you're 

lucky!... Not likely... 
 

c) None of the above – do 
nothing!     


