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Outlook

The future

Pushing for new analysis (CP at the LHC)
 scalar vs. pseudoscalar components: ττh and tth
 the bonus of an improved tth analysis
 decay of a scalar into two scalars of different 

masses

Corrections to Higgs decays
the example of the CP-conserving 2HDM

The past

Extended Scalars (Yellow Report 4)
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CP-violation at the LHC



CP - what have ATLAS and CMS measured so far?

Correlations in the momentum distributions of leptons produced in the 
decays

h® ZZ*® (l1l1) (l2l2 )

h®WW*® (l1n1) (l2n2 )

S.Y. Choi, D.J. Miller, M.M. Muhlleitner and P.M. Zerwas, Phys. Lett. B 553, 61 (2003).

C. P. Buszello, I. Fleck, P. Marquard, J. J. van der Bij, Eur. Phys. J. C32, 209 (2004)

The results obtained from these studies can be applied to specific classes of 

models.



CP, the Higgs and the LHC

5
gC2HDM

hVV = cos(a2 )cos(b -a1) gSM
hVV
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In models with only one SM-like Higgs boson, radiative corrections can 
generate different HVV terms. This is also possible in extensions of 
the scalar sector like for instance in the 2HDM. ATLAS and CMS 
results have shown that if these corrections exist they are small.

For each particular model one should check

Arhrib, Benbrik, Field (2006).

A® ZZ  (W +W - )
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The C2HDM as a counterexample

In the complex 2HDM the three neutral scalars have indefinite CP.

The interaction of each scalar with the Z bosons comes exactly from 
the same kinetic term as the SM one

gC2HDM

hVV = cos(a2 )cos(b -a1) gSM
hVV

h® ZZ*® (l1l1) (l2l2 )

h®WW*® (l1n1) (l2n2 )

Therefore the analysis of the correlations in momenta in 

will not allow to draw any conclusion on the scalar’s CP. 

Again, they show however that any radiate contribution to CP-
violating terms in hZZ(WW) is small.
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pp®h®t +t -

The C2HDM as a counterexample

Using again the C2HDM as a benchmark, if all neutral scalars 
have indefinite CP it is likely that we get the first hints in 
the study of the process

And later (in luminosity) possibly also using



Direct probing of Yukawa couplings –
C2HDM as a benchmark model

9



Direct probing at the LHC

Left: tanβ as a function of sinα2 for Type II, 13 TeV, with all rates at 10% (blue);  
|aD| < 0.1 ||bD|-1| < 0.1 (green); |bD| < 0.05 ||aD|-1| < 0.05 (red).

Right: same with tanβ replaced by cosα1

SM-like limitThe zero scalar 

limit 



Direct probing at the LHC

Left: cosα1 as a function of ΦD for Type II, 13 TeV, with all rates at 10% (blue);  
|aD| < 0.1 ||bD|-1| < 0.1 (green); |bD| < 0.05 ||aD|-1| < 0.05 (red).

Right: same with tanβ replaced by sgn(C) aD.

SM-like limitThe zero scalar 

limit 

Φτ = ΦD Φτ = ΦD



Direct probing at the LHC

 For the C2HDM we need three independent measurements

tanfi =
bi

ai
;      i =U,D,L

 Just one measurement for type I (U = D = L), two for the other three types. 
At the moment there are studies for tth and ττh.

 If Φt ≠ Φτ type I and F (Y) are excluded. 

 To probe model F (Y) we need the bbh vertex. 



Direct probing at the LHC (ττh)

pp®h®t +t -

tanft =
bL

aL
Numbers from: 

Berge, Bernreuther, 
Kirchner, EPJC74, 
(2014) 11, 3164.

Berge, Bernreuther, Ziethe 2008
Berge, Bernreuther, Niepelt, Spiesberger, 2011
Berge, Bernreuther, Kirchner 2014

Dft = 40º     150 fb-1

Dft = 25º     500 fb-1

ì

í
ï

îï

 A measurement of the angle

can be performed 
with the accuracies

tanft = -
sb

c1

tana2   Þ   tana2 = -
c1

sb

tanft

 It is not a direct measurement of the CP-violating angle α2.



Direct probing at the LHC (tth)

pp® jjh

cos(b -a1) = 0; tanb =1

Plot from: Dolan, Harris, Jankowiak, Spannowsky, PRD90, 073008 (2014).

Hankele, Klamke, Zeppenfeld 2006

ft < 40º     50 fb-1

ft < 25º    300 fb-1

ì

í
ï

îï

Corresponds to the C2HDM in the limit

In this case 

ft =a2



Limits on Φt based on the rates only

rates at
20% (green), 

5% (red) 

Competitive for Type I but not for Type II

Φt = ΦU
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Direct probing at the LHC (tth)

Gunion, He 1996
Boudjema, Godbole, Guadagnoli, Mohan 2015 Amor 
dos Santos  eal 2015

Signal: tt fully leptonic and H -> bb

Background: most relevant is the 
irreducible tt background
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Boudjema, Godbole, Guadagnoli, Mohan 2015

Review of tth

Azimuthal difference between l+ in the t rest frame and l- in the tbar rest frame
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Review of tth

Gunion, He 1996
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Define the angles

   

q1

123 : system 123 in lab frame and 1 in frame 123

q3

23 : system 23 in frame 123 and 3 in frame 23

q4

3 : 3 in frame 23 and 4 in frame 3

   

1, 2 and 3 are any permutation of t t  or H

4 is a particle decaying from t t  or H

Build functions of the angles
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Review of tth

Amor dos Santos  eal 2015

Combinatorial background plays a very 
important role.
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Some variables are also good discriminants between ttΦ and 
ttbb

Amor dos Santos  eal 2015
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More results to appear soon.



Scalar decaying to two scalars of 
different masses
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A comparison between the 
NMSSM and the broken 

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

To distinguish between models

Hi®H jHk        j ¹ kThe decay

Singlet Extensions of the Standard Model at LHC Run 2: Benchmarks and 

Comparison with the NMSSM 

R. Costa, M. Mühlleitner, M.O.P. Sampaio, R. Santos; JHEP 1606 (2016) 034. 

The models can be 
distinguished in some regions 

of the parameter space.



Hint for CP violation?

Hi®H jHk        j ¹ kThe decay

Combinations of three decays

h3®h2h1     Þ     CP(h3) = CP(h2 ) CP(h1) = CP(h2 )h1® ZZ     Ü     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, R. Santos, J.P. Silva; PRD92 (2015) 5, 055014.

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



In the alignment limit 
of the NMSSM Higgs 
decays to two other 

scalars with the same 
mass are supressed. 

Large rates in the aligned NMSSM

Hi®H jHk        j ¹ kThe decay

Alignment limit of the NMSSM Higgs sector 

M. Carena, H.E. Haber, I. Low, N.R. Shah, C.E. M. Wagner;  PRD93 (2016) 3, 035013. 



Radiative corrections to BSM models
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A new renormalization procedure for the 2HDM that 
is gauge independent, process independent and stable

28

Barroso, RS (1997)  

Kanemura, Okada, Senaha, Yuan, Yamada, Lopez-Val Sola, Pilaftsis, Freitas, Stöckinger
Boudjema, Baro, Denner, Jenniches, Lang, Sturm, … 

Process dependent – On-shell plus two particular processes to 
renormalize the angles and/or soft breaking parameter

Process independent – On-shell plus conditions for the angles based on 
the mixing matrix properties plus MS for the soft breaking parameter

Pilaftsis (1997)  

Kanemura, Okada, Senaha, Yuan (2004)

Krause, Lorenz, Muhlleitner, RS, Ziesche (2016)
Krause, Muhlleitner, RS, Ziesche (to appear)  
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For historical reasons we have started with the corrections to a charged 
Higgs decaying to a neutral Higgs and a W boson.

Barroso, Brucher, RS (1997)  
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Quantities are redefined according to

for the parameters.

for the fields.

Renormalization condition for the tadpoles
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The difference in what we call “the tadpole scheme” is the inclusion of the 
tadpole graph in the calculation of the self-energies

on-shell renormalization 
conditions for a generic 

Lagrangian with two 
scalars with the same 

quantum numbers 

J. Fleischer and F. Jegerlehner (1981).

Proposed for the SM by
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J. Fleischer and F. Jegerlehner (1981).
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The other difference relative to the usual on-shell scheme is to include 
diagrams with tadpoles whenever there is a vacuum expectation value in the 
vertex
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Now we just need a gauge independent way to define the angle 
and soft breaking counterterms. But the wave function 

renormalization constants are gauge dependednt. So what to do?

Results for the alternative tadpole scheme

The virtue of the alternative tadpole scheme is to lead to 
gauge independent amplitudes when the angular 

countertems are set to zero.
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Since the angle counterterms are defined with the help of wave function 
renormalization constants if these are gauge independent the angle 
counterterms will also be gauge independent. There is however an unambigous
way to remove the gauge dependent part of the self-energies  

Scale – masses of the scalars – OS pinched

Scale – p* pinched
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Process dependent renormalization

This process takes 
care of β. And the 
other process is H 
decaying into taus
(not shown). That 
takes care of α.
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Process dependent renormalization

For the two angles the conclusion is that by using the alternative tadople
scheme the counterterms for bothe α and β become gauge independent 

making it much easier to control the overall gauge

Moreover by analysing the amplitudes it is clear that only the 3 
schemes proposed here lead to gauge independent amplitudes: 

process-dependent, p*-pinched and O-Spinched



Results

H ± ®hW ±

Set of parameters consistent with main theoretical and 
experimental constraints.



Results

H ± ®hW ±

Values blow up for very small tree-level width due to different 
behaviour with cos(b-a). In the right plot it is clear that NLO 

behaviour is good relative to the LO one.



Results

Set of parameters consistent with 
main theoretical and experimental 

constraints.



Results

H®ZZ

kinks are due to the following thresholds 



Results

H®ZZ

Conclusion: among these schemes the OS tadpole-pinched scheme turns 
out to be more stable when changing the  renormalization scheme than 
the p* scheme for our investigated scenarios. It is clear that the 
process dependent scheme is the more unstable of all and should be 
discarded.

Using scans make 
clear that the 
renormalization 

schemes are stable 
at least for the 
parameter points 

allowed after Run 1.
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Renormalization of the soft breaking term

Generic one-loop 
diagrams

Counterterm diagrams

Extra tadpole diagrams
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Renormalization of the soft breaking term
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Results

Scatter plot for the relative NLO corrections to H-> hh for all 
points passing main experimental and theoretical constraints, as a 

function of the LO width.
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Results

Scatter plot same data, but with following restrictions:

SM-like limit 
sin(β - α) = 1

Wrong sign
sin(β + α) = 1
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Results

Relative NLO 
corrections to H-> hh
in the tadpole pinched 

scheme with 
parameters defined 

by Scen1. 
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Results

Scatter plot for the relative NLO corrections to H->hh (same 
data set) as a function of the LO width for three different 
scales. Angles are pOS tadpole pinched renormalized and soft 

breaking parameter is Msbar renormalized. 
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Results

Comparison between minimal subtraction and process 
dependent for the soft breaking term. 



Real Singlet model Kanemura, Kikuchi, Yagyu (2016) 

Kanemura, Kikuchi, Yagyu (2015) 



Real Singlet model

H®hh NLO Corrections shown 

to be only a few percent

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



Benchmark Fever
in the Scalar Sector

53

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGHiggsMailingList

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG



BP1: CP-conserving 2HDM with softly-broken Z2-symmetry.  [Howard Haber, Oscar Stål]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3Benchmarks2HDM/HH_OS_2HD

M_Benchmarks.pdf

BP2: : CP-conserving 2HDM with softly-broken Z2-symmetry. [Felix Kling, Shufang Su]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3Benchmarks2HDM/Exotic_Benc

hmarks.pdf

BP3: : CP-conserving 2HDM with softly-broken Z2-symmetry.[Glauber Dorsch, Stephan 

Huber, Ken Mimasu, Jose Miguel No]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3Benchmarks2HDM/2HDM_Cosm

ic_Benchmarks.pdf

BP4: : CP-conserving 2HDM with softly-broken Z2-symmetry. [Robin Aggleton, Daniele 

Barducci, Alexandre Nikitenko, Stefano Moretti, Claire Shepherd-Themistocleous]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3Benchmarks2HDM/2HDM_WG-

final.pdf

BP5: Inert 2HDM. [Agnieszka Ilnicka, Maria Krawczyk, Tania Robens]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3Benchmarks2HDM/IDM_benchm

arks.pdf

BP6: Fermiophobic 2HDM. [David Lopez-Val]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3Benchmarks2HDM/fermiophobic.

pdf

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3Benchmarks2HDM/HH_OS_2HDM_Benchmarks.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3Benchmarks2HDM/Exotic_Benchmarks.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3Benchmarks2HDM/2HDM_Cosmic_Benchmarks.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3Benchmarks2HDM/2HDM_WG-final.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3Benchmarks2HDM/IDM_benchmarks.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3Benchmarks2HDM/fermiophobic.pdf


BP7 Georgi-Machacek model benchmark [H. Logan]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/h5pla

ne-benchmark.pdf

BP8 Complex 2HDM benchmarks [D. Fontes, J.C. Romao, R. Santos and J.P. Silva]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/bench

mark-C2HDM.pdf

BP9 Flavour-changing 2HDM benchmarks [F.J. Botella, G.C. Branco, M. Nebot and M. 

Rebelo]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/bench

mark-FCNC2HDM.pdf

BP10 Real and complex singlet benchmarks [R. Costa, M. Muhlleitner, M.O.P. 

Sampaio and R. Santos]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/Benc

hmarksCxSM_and_RxSM.pdf

BP11 Singlet benchmarks [T. Robens and T.Stefaniak]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/bench

marks_robens_stefaniak.pdf

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/h5plane-benchmark.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/benchmark-C2HDM.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/benchmark-FCNC2HDM.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/BenchmarksCxSM_and_RxSM.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/benchmarks_robens_stefaniak.pdf


1st call - CP-conserving 2HDM

Meeting 23 June 2015





The softly broken Z2 symmetric 2HDM has no tree-level FCNCs. We 
further assume a CP-conserving potential

- m2
12 and λ5 real and the vacuum configuration is (CP-conserving)

F1 =
1

2

0

v1
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ø

÷
÷;   F2 =

1

2

0

v2

æ
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ç
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÷
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and the common convention for the ratio of the vacuum expectation 
values is

tanb =
v2

v1

        with         0 £ b £
p

2

V (F1,  F2 ) =m1

2F1

+F1 +m2

2F2

+F2 - m12

2 F1

+F2 + h.c.( ) +
l1

2
F1

+F1( )
2

+
l2

2
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+F2( )
2

                 + l3 F1

+F1( ) F2

+F2( ) + l4 F1

+F2( ) F2

+F1( ) +
l5

2
F1

+F2( )
2

+ h.c.
é
ëê

ù
ûú



The model has three neutral states and two charged states: 

 Two CP-even states h and H with mh<mH.

 One CP-odd state A.

 Two charged states H±.

The matrix that diagonalises the CP-even states mass matrix

h1

h2

æ

è

ç
ç

ö

ø

÷
÷

=
cosa -sina

sina cosa

æ

è
ç

ö

ø
÷
H

h

æ

è
ç

ö

ø
÷

and the common convention for the range of α is

-
p

2
£ a £

p

2

g2HDM

hVV = sin(b -a) gSM
hVV        V =W,Z

Higgs couplings to gauge bosons

g2HDM

HVV = cos(b -a) gSM
hVV        V =W,Z



Φ2 always couples to up-type quarks

Lightest 

Higgs couplings

Type I

Type II

Type F=X=III

Type LS=Y=IV

Yukawa couplings

Φ2 to leptons and to down-type quarks

Φ1 to leptons and to down-type quarks

Φ2 to leptons Φ1 to down-type quarks

Φ1 to leptons Φ2 to down-type quarks



 Alignment limit (aka SM-like limit) M 2 =
m12

2

sinb cosb

 Decoupling limit

kF =1;  kV =1

  

sin(b -a) =1  Þ

at tree-level

   

k i =
g2HDM

gSM

M 2 >> liv
2

sin(b -a) =1  Þ   mF

2 =M 2 + liv
2

i

å +O
v4

M 2

æ

è
ç

ö

ø
÷    (with F = H,A,H ± )

M 2 »mH
2 »mA

2 »m
H±

2 >> liv
2

all heavy scalars masses are determined 

by M and independent of the λ

Setting Kanemura, Okada, Senaha, Yuan (2004).

Ginzburg, Krawczyk (2005).

Gunion, Haber (2003).



 Wrong-sign limit (type II and F)

  

sin(b+ a) =1  Þ   kD = -1    (kU =1)

   

sin(b - a) =
tan2 b -1

tan2 b +1
 Þ   kV ³ 0  if  tanb ³1 kDkV < 0

1509.00672

 Type I

sin(b +a) =1  Þ

kU =kD =kL =1

sin(b -a) =
tan2 b -1

tan2 b +1

still

Ferreira, Gunion, Haber, RS (2014).

Ferreira, Guedes, Sampaio, RS (2014).



The benchmarks are discussed in detail in

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3Benchmarks2HDM



The benchmarks are discussed in detail in

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3Benchmarks2HDM



H®W +W -(ZZ)         plane:  (mH ,  cos(b -a))

H® AZ;  A®HZ         plane:  (mH,  mA);  (mH (A),  cos(b -a))

Scalar to one scalar and one gauge boson (mh = 125 GeV)

large Br(A → HZ)mA -mH » v   and light    mHBaryogenesis

Which planes to choose?

Scalar to two gauge bosons

A®hZ         plane:  (mA,  cos(b -a))



h® (A®m+m- /t +t - / bb) Z   plane:  (mA,  tanb);  (mA,  cos(b -a))

light mA = 6 to 70 GeV

Which planes to choose?

SM-like Higgs decay to one scalar and one gauge boson (mh = 125 GeV)

H®hh;  H®AA        plane:  (mH,  tanb  or cos(b -a));(mH,  mA)

Scalar to two scalar decays (mh = 125 GeV)

h® AA        plane:  (mA,  tanb  or cos(b -a))



Long Cascade

pp® A®H ±W ∓ ®HW ±W ∓ ® (H®)W ±W ∓        

           plane:  (mA,  mH );  (mA,  cos(b -a));  (mA,  tanb)

The wrong sign scenario

Which planes to choose?

Scenarios vs. Benchmarks?



The Inert 2HDM

F1 =
1

2

0

v
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÷;   F2 =
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0
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ç
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ø
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The first doublet contains the SM-like Higgs boson h, and the second 
doublet contains four dark (inert) scalars H, A and H±. 

H is taken to be the lightest scalar (stable). 

F1 ®FS

F2 ®FD

ì

í
ï

îï
V(F1,  F2 )/. m12

2  ®0

Free parameters (Inert)

Parameter 2HDM (Z2 basis) Inert (Z2 basis)

Masses mh, mH, mA, mH± mh, mH, mA, mH±

Angles tanβ, (β-α)

Other m12
2 λ2, λ345



A fermiophobic limit of the 2HDM

 Type I 2HDM with sinα=0

 h is the SM-like Higgs boson with a mass of 125 GeV

 H is the fermiophobic scalar

 Since we are close to alignment

cos b -a( ) » 0  Þ   
1

1+ tan2 b
<<1   Þ   tanb >>1

 Relevant variables in the analysis are

 tanβ – departure from alignment

 mH – mass of fermiophobic scalar

 ΔM – heavy scalars mass splitting DM =mH -mA(=m
H± )



The benchmarks are discussed in detail in

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3Benchmarks2HDM



Which planes to choose?

Inert

pp®AH®AVV
most promising but still with 

very small cross section (< 2fb)

pp® AH® ZHH®Z + MET       plane:  (mA,  mH )

pp®H±H ∓ ®W ±W ∓HH®W ±W ∓MET    plane:  (m
H±,  mH )

Fermiophobic

cross sections reach 350 fb (first) and 90 fb (second) at 13 TeV

with BRs close to 100%



2nd call – non CP-conserving 2HDM, 
singlet, triplet

Meeting 10 September 2015



BP7 Georgi-Machacek model benchmark [H. Logan]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/

h5plane-benchmark.pdf

BP8 Complex 2HDM benchmarks [D. Fontes, J.C. Romao, R. Santos and J.P. 

Silva]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/

benchmark-C2HDM.pdf

BP9 Flavour-changing 2HDM benchmarks [F.J. Botella, G.C. Branco, M. Nebot

and M. Rebelo]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/

benchmark-FCNC2HDM.pdf

BP10 Real and complex singlet benchmarks [R. Costa, M. Muhlleitner, M.O.P. 

Sampaio and R. Santos]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/

BenchmarksCxSM_and_RxSM.pdf

BP11 Singlet benchmarks [T. Robens and T.Stefaniak]

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/

benchmarks_robens_stefaniak.pdf

https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/h5plane-benchmark.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/benchmark-C2HDM.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/benchmark-FCNC2HDM.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/BenchmarksCxSM_and_RxSM.pdf
https://twiki.cern.ch/twiki/pub/LHCPhysics/LHCHXSWG3BenchmarksNon2HDM/benchmarks_robens_stefaniak.pdf


BP8 CP-violating 2HDM (C2HDM)



The softly broken Z2 symmetric CP-violating potential

- m2
12 and λ5 complex

V (F1,  F2 ) =m1

2F1

+F1 +m2
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+F2 - m12

2 F1

+F2 + h.c.( ) +
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+
l2

2
F2

+F2( )
2

                 + l3 F1
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+F1( ) +
l5
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+F2( )
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+ h.c.
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Parameter 2HDM (Z2 basis) C2HDM (Z2 basis)

Masses mh, mH, mA, mH± m1, m2, mH±

Angles tanβ, (β-α) tanβ, α1, α2, α3

Other m12
2 Re(m12

2)

Free 
parameters



Lightest Higgs couplings

to gauge bosons

g2HDM

hVV = sin(b -a) gSM
hVV       V =W,Z

gC2HDM

hVV =C gSM
hVV = (cbR11 + sbR12 ) gSM

hVV = cos(a2 )cos(b -a1) gSM
hVV

a1 =a +p / 2

C º cbR11 + sbR12

gC2HDM

hVV = cos(a2 ) g2HDM

hVV

R =

c1c2 s1c2 s2

-(c1s2s3 + s1c3) c1c3 - s1s2s3 c2s3

-c1s2c3 + s1s3 -(c1s3 + s1s22c3) c2s3
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è

ç
ç
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Yukawa couplings

a1 =a +p / 2

YC2HDM º c2Y2HDM ± ig5s2

tb

1/ tb

ì

í
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îï

Lightest Higgs couplings

R =

c1c2 s1c2 s2

-(c1s2s3 + s1c3) c1c3 - s1s2s3 c2s3

-c1s2c3 + s1s3 -(c1s3 + s1s22c3) c2s3
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Classes of CP-violating processes

Fontes, Romão, RS, Silva (2015).

In 2HDMs

Classes involving scalar to two scalars decays



Observing the three decays 
constitutes a "model 

independent" sign of CP-
violation.

α2 is already constrained by the 
first decay. The constraints from 

the other two decays could  be 
combined in a (m2, sinα2) plane.

CP-violating class C2 (and C3 and C4)

h1® ZZ     Þ     CP(h1) =1

h2 ® ZZ     Þ     CP(h2 ) =1

h2 ®h1Z     Þ     CP(h1)¹CP(h2 )

c =
BR(h2 ® ZZ)

BR(h2 ® h1Z)

The benchmark plane is (m2, χ)

h2 ® h3 h1® h2



Observing the three decays 
constitutes a "model 

independent" sign of CP-
violation.

 The benchmark plane is (m2, m3) with χ
as a parameter.

 Another benchmark plane is (m2, χ) with 
m3 as a parameter.

CP-violating class C1

h3®h2Z     Þ     CP(h2 )¹CP(h3)

h2 ®h1Z     Þ     CP(h2 ) = - CP(h1)

h3®h1Z     Þ     CP(h3) = - CP(h1)

c =
BR(h3 ® h1Z)

BR(h3 ® h1ZZ)



All 
in
fb



Other combinations not possible in the CP-conserving 2HDM

h3®h2h1     Þ     CP(h3) = CP(h2 ) CP(h1) = CP(h2 )

h2(3) ®h1Z    CP(h2(3)) = -1

Decay CP eigenstates Model

None C2HDM, ...

2 CP-odd C2HDM, ...

3 CP-even C2HDM, cxSM, ...h2 ® ZZ   CP(h2 ) =1

h3®h2Z     CP(h3) = - CP(h2 )

Observed



h1® ZZ     Þ     CP(h1) =1

Class C7

h3®h1Z     Þ     CP(h3) = - CP(h1) = -1

h3®h1h1     Þ     CP(h3) =1



h1® ZZ     Þ     CP(h1) =1

h3®h2Z     Þ     CP(h3) = - CP(h2 )

h3®h2h1     Þ     CP(h3) = CP(h2 )

Class C6



BP9 BGL models?

Branco, Grimus, Lavoura (1996)



The Yukawa Lagrangian of BGL models is

Invariance under

leads to Higgs FCNC in the down sector. Invariance under

leads to Higgs FCNC in the up sector. The potential is



"So we fix our benchmark scenarios by trying to maximise these new
effects but in agreement with other low energy flavour constraints.
Also we choose those scenarios where important signals can show up at
LHC, although in some cases some of the observables could be more
relevant for a future linear collider."

If Higgs FCNC is in the up sector the couplings are

which leads to the top quark decay widths

with angles alpha and beta defined in the usual way.



Example: the (b,τ) model near decoupling

Botella, ranco, Nebot, Rebelo (2015)



BP10 and BP11 Scalar singlet















SuShi – Higgs production at NNLO  

sHDECAY – Higgs decays  

Harlander, Liebler, Mantler, (2013).

Djouadi, Kalinowski, Spira (1997) +
Costa, Sampaio, RS, Mühlleitner (2015).

Tools (2HDM) 

Higlu – Higgs production at NNLO  

ScannerS – Phenomenological constraints; 
interfaced with

Spira (1995)

Benchmark points were obtained with the tools

Coimbra, Sampaio, RS, (2013).

HiggsBounds – Limits from Higgs searches at LEP, Tevatron and LHC

HiggsSignals – Signal rates at the Tevatron and LHC

Bechtle, Brein, Heinemeyer, Stål, Stefaniak, Weiglein, Williams (2010-2015)



The end


