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Where do we stand? (In CP-
violation measurements) 
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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*→ (l1ν1) (l2ν2 )

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)

If CP(H)=1, HZZ(WW) coupling is just a constant 

relative to the SM one, reverse not true! 

gC2HDM
hVV = cos(α2 )cos(β −α1) gSM

hVV

The Higgs CP nature has only been established assuming that h125 is a CP eigenstate. 

ATLAS, 1307.1432 
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ATLAS, 1506.05669  

Having all extra couplings compatible with zero 

does not mean CP-conservation! 

CP - what have ATLAS and CMS measured so far? 

� Effective Lagrangian (ATLAS notation) 
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� AVV couplings can be generated at 1-loop - possible in extensions of the scalar 
sector such as 2HDMs. 
 
� 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 − )

Radiative decays of A to ZZ (WW) 
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The C2HDM as a counterexample 

� Complex 2HDM - three neutral scalars have indefinite CP. 
 
� Interaction of each scalar with the Z bosons comes exactly from the same kinetic 
term as the SM one 

gC2HDM
hVV = cos(α2 )cos(β −α1) gSM

hVV

� Analysis of the correlations in momenta will not allow to draw any conclusion on 
the scalar’s CP. They show however that any radiate contribution to CP-violating 
terms in hZZ(WW) is small. 
  
  � 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 

pp→ h→ τ +τ −

€ 

pp →h(→bb )tt 

And later (in luminosity) possibly also using 



The Complex 2HDM as a benchmark 
model for CP-violation studies 
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Softly broken Z2 symmetric we choose a vacuum configuration 
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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 (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) 9 



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
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Just an extra angle 

– Lorentz structure 

is the same

µVV ≥ 0.79⇒ cos(α2 ) ≥ 0.89⇒α2 ≤ 27
o

The CP-violating phase is very constrained by the measurement of the Higgs 
couplings to vector bosons 



Lightest Higgs Yukawa couplings 
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YC2HDM ≡ c2Y2HDM ± iγ5s2
tβ
1/ tβ

⎧
⎨
⎪

⎩⎪

when s2 → 0 
YC2HDM ≡Y2HDM

€ 

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

� No FCNC at tree-level 

ci = cos(αi );   si = sin(αi )



Allowed parameter space is now a circle in the plane below 

YC2HDM
Type II ≡ c2Y2HDM

Type II + iγ5s2tβ



Constraints 

Vacuum is stable and potential is bounded from below 
Perturbative unitarity 
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Electroweak precision constraints (STU) 
B physics constraints 
Higgs searches bounds (HiggsBounds) 
Higgs bosons signal stregths 
Electron EDM 

ACME, 1310.7534.  

� Electric Dipole Moments are a probe of Yukawa 
CP-violating couplings 
 
� Good limits on electron EDMs 



The allowed parameter space in type I 

All Yukawa couplings are the same – the bounds apply equally to all of them.   

µVV ≥ 0.79 ⇒ cos(α2 ) ≥ 0.89 ⇒α2 ≤ 27o     and      tan(β) ≥1

α2 ≤ 27
o ⇒ sin(α2 ) ≤ 0.46⇒ co =

sin(α2 )
tan(β)

≤ 0.46



The allowed parameter space in type II C2HDM 

Bounds are stronger for the up-quarks couplings. They come from µVV and the bound on 
tanβ. In type I all couplings are very constrained.    

co (h125bb(ττ )) = sin(α2 ) tan(β)

co (h125tt) =
sin(α2 )
tan(β)

tan(β) ≥1

aD = aL ≈ 0  ⇒    bD = bL ≈1

and the remaining h1 couplings to up-type quarks and gauge bosons are 

aU
2 = (1− s2

4 ) = (1−1/ tβ
4 )

bU
2 = s2

4 =1/ tβ
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Flipped and Lepton Specific 

Although EDMs 
constraints 

completely kill 
large 

pseudoscalar 
components in 

Type II but not 
in Flipped and 

Lepton Specific.  



Type II and Flipped 

EDMs act 
differently in 
the different 

Yukawa versions 
of the model. 
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Other scenarios in Type II 

A Type II model and two scenarios: H1 or H2 is the SM-like Higgs.   



And this brings a very interesting CP-violation scenario 

A Type II model 
where H2 is the SM-

like Higgs.   

YC2HDM ≡ aF + iγ5bF

bU ≈ 0   and    aD ≈ 0

Find two particles of the same mass one decaying 
to tops as CP-even 

h1 = H→ tt

h1 = A→ τ +τ −

and the other decaying to taus as CP-odd 

Probing one Yukawa coupling is not enough!   



New probes of CP-violation 
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Combinations of three decays 

h3 → h2h1     ⇒     CP(h3) =CP(h2 ) CP(h1) =CP(h2 )

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... 

  

h1 → ZZ     ⇐     CP(h1) =1

h2 → ZZ   CP(h2 ) =1

h3 → h2Z     CP(h3) = − CP(h2 )

Already 
observed 

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. 



Classes of CP-violating processes 

Fontes, Romão, RS, Silva (2015).  

In 2HDMs

only

Classes involving scalar to two scalars decays

only two to go

� on going searches
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h1 → ZZ     ⇐     CP(h1) =1

Class C7 

h3 → h1Z     ⇒     CP(h3) = − CP(h1) = −1

h3 → h1h1     ⇐     CP(h3) =1

23 



Measures of CP-violation 
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The CP-violating angle 

There is no correlation between the high rates of CP-violating decays and 
the CP-violating phase.   

More yellow 

means larger 

CP-violating 

phase

h125 → ZZ     measured



Other variables 

� Variable involving Higgs couplings to gauge bosons 

� Variables involving Higgs Yukawa couplings (for a Type II model) 

which are normalized to be between 0 and 1. Variables for the sum can also be 
defined but they are useless. 
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Results for Type II (where some 
correlation seems to exist) 

But in most cases there is no correlation.   



CP-violating angles vs. direct 
measurements 
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Direct probing at the LHC (ττh) 

pp→ h→ τ +τ −

tanφτ =
bL
aL

Numbers from:  
Berge, Bernreuther, Kirchner, 

EPJC74, (2014) 11, 3164. 

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

Δφτ = 40º     150 fb−1

Δφτ = 25º     500 fb−1

#
$
%

&%

� A measurement of the angle 

can be performed 
with the accuracies 

tanφτ = −
sβ
c1

tanα2   ⇒   tanα2 = −
c1

sβ
tanφτ

� It is not a measurement of the CP-violating angle α2. In fact if c1=0 the 
particle seems to be a pure pseudoscalar but... 



Direct probing at the LHC 

� For the C2HDM we need two independent measurements 

tanφi =
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.  
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Direct probing at the LHC (tth) 

€ 

pp →h(→bb )tt 
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 

Ask Ricardo G. et al 



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 



The end and extra slides 
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The allowed parameter space in type I 

All Yukawa couplings are the same – the bounds apply equally to all of them.   

µVV ≥ 0.79 ⇒ cos(α2 ) ≥ 0.89 ⇒α2 ≤ 27o     and      tan(β) ≥1

α2 ≤ 27
o ⇒ sin(α2 ) ≤ 0.46⇒ co =

sin(α2 )
tan(β)

≤ 0.46
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Direct probing at the LHC (tth) 

€ 

pp →h(→bb )tt 
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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Review of tth 
Amor dos Santos  eal 2015

Combinatorial background plays a very 
important role. 



In Type II, if    

The zero scalar scenarios 

aD = aL ≈ 0  ⇒    bD = bL ≈1

and the remaining h1 couplings to up-type quarks and gauge bosons are 

aU
2 = (1− s2

4 ) = (1−1/ tβ
4 )

bU
2 = s2

4 =1/ tβ
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This means that the h1 couplings to up-type quarks and to gauge 
bosons have to be very close to the SM Higgs ones. 



•  There is only one way to make the pseudoscalar component to vanish 

The zero scalar scenarios 

R13= 0   ⇒   s2 = 0

c2 = 0  ⇒   gh1VV = 0

and they all vanish (for all types and all fermions). 

R11= 0   ⇒   c1c2 = 0

•  There are two ways of making the scalar component to vanish 

R12 = 0   ⇒   s1c2 = 0

excluded 

excluded 

c1 = 0 allowed 



•  So, taking 

The zero scalar scenarios 

c1 = 0  ⇒    R11= 0

and 
aU

2 =
c2

2

sβ
2 ;    bU

2 =
s2

2

tβ
2 ;    C2 = sβ

2c2
2

Type I 

Type II aD = aL = 0

Type F 

Type LS 

aU = aD = aL =
c2
sβ

bU = −bD = −bL = −
s2
tβ

aD = 0

aL = 0

bD = bL = −s2tβ

bD = −s2tβ

bL = −s2tβ

Even if the CP-violating 
parameter is small, large 

tanβ can lead to large 
values of b. 


