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🍪  A complex 2HDM

and CP is explicitly and not spontaneously broken

• m2
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• m2
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h125 couplings

"Pseudoscalar" component (doublet)

CP-violating 2HDM
ghVV

2HDM = sin(β − α)ghVV
SM

ghVV
C2HDM = cos α2 ghVV

2HDM

YC2HDM = cos α2Y2HDM ± iγ5 sin α2 tan β(1/tan β )

[hi]mass = [Rij][hj]gauge [Rij] =
c1c2 s1c2 s2

−(c1s2s3 + s1c3) c1c3 − s1s2s3 c2s3

−c1s2c3 + s1s3 −(c1s3 + s1s2c3) c2c3

CP-violating 2HDM

Three neutral states mix



🍪  CP-violation in bosonic decays

ℒATLAS
hZZ = κ

m2
Z

v
hZμZμ +

α
v

hZμ∂α∂αZμ +
β
v

hZμνZμν +
γ
v

hZμνZ̃μν

Only term in the 2HDM at tree-level

Expected for the SM

Correlations in the momentum distributions of leptons produced in the decays

Choi, Miller, Mühlleitner, Zerwas, PLB553, 61 (2003).  

Buszello, Fleck, Marquard, van der Bij, EPJC32, 209 (2004)

h → ZZ* → l̄ll̄l
h → WW* → (l1ν1) (l2ν2)

8 TeV results

Only term in the C2HDM at tree-level

κ = sin(β − α)
κ = cos α2 sin(β − α)

β/κ < 10−2 ; γ/κ < 10−7

karytov - talk at HiggsDays 2015



6. Constraints on anomalous HZZ couplings and the Higgs boson width using on-shell and
off-shell measurements 25

found to have a negligible effect on the results for fa3 cos (fa3) using either on-shell and off-
shell events combined or only on-shell events, so only scenario S1 is shown. In the case of GH
limits, theoretical systematic uncertainties are dominant over experimental ones. The dominant
theoretical systematic effect comes from the uncertainty in the NLO EW correction on the qq !
4` simulation above the 2mZ threshold, but this uncertainty is also expected to be constrained
from data with an integrated luminosity of 3000 fb�1. Limits on GH are also given for an
approximate S2 in which the experimental uncertainties are not reduced, while the theoretical
uncertainties are halved with respect to S1. The 10% additional uncertainty applied on the
QCD NNLO K factor on the gg background process is kept the same in this approximated S2
in order to remain conservative on the understanding of these corrections for this background
component. It is also noted that the uncertainties on the signal and background QCD NNLO K
factors are smaller in the Run 2 analysis [47] than in previous projections using Run 1 data [48].

Table 10: Summary of the 95% CL intervals for fa3 cos (fa3), under the assumption GH = GSM
H ,

and for GH under the assumption fai = 0 for projections at 3000 fb�1. Constraints on
fa3 cos (fa3) are multiplied by 104. Values are given for scenarios S1 (with Run 2 systematic
uncertainties [47]) and the approximate S2 scenario, as described in the text.

Parameter Scenario Projected 95% CL interval
fa3 cos (fa3) ⇥ 104 S1, only on-shell [�1.8, 1.8]
fa3 cos (fa3) ⇥ 104 S1, on-shell and off-shell [�1.6, 1.6]

GH ( MeV) S1 [2.0, 6.1]
GH ( MeV) S2 [2.0, 6.0]
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Figure 17: Likelihood scans for projections on fa3 cos (fa3) (left) and GH (right) at 3000 fb�1.
On the left plot, the scans are shown using either the combination of on-shell and off-shell
events (red) or only on-shell events (blue). The dashed lines represent the effect of removing
all systematic uncertainties. In the right plot, scenarios S2 (solid magenta) and S1 (dotted red)
are compared to the case where all systematic uncertainties (dashed black) are removed. The
dashed horizontal lines indicate the 68% and 95% CLs. The fa3 cos (fa3) scans assume GH =
GSM

H , and the GH scans assume fai = 0.

Sensitivity projections for Higgs boson 
properties measurements at the HL-LHC

CMS PAS FTR-18-011

γ/κ ⪅ 0.034

"14

Anomalous ZZH/γZH couplings

23

TABLE IX. Sensitivities to the anomalous ZZH and γZH
couplings with the benchmark luminosities and the ILC full
operation for both energies

√
s =250 and 500 GeV. The val-

ues correspond to 1σ bounds.

ZH at 250 GeV with 250 fb−1

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

aZ = ±0.2987

ζZZ = ±0.1069

ζAZ = ±0.0070

ζ̃ZZ = ±0.1090

ζ̃AZ = ±0.0896

, ρ =

⎛

⎜⎜⎝

1 −.996 .009 .143 −.161

- 1 −.001 −.144 .161

- - 1 .0006 −.0004

- - - 1 −.900

- - - - 1

⎞

⎟⎟⎠

ZH + ZZ at 250 GeV with 250 fb−1

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

aZ = ±0.2311

ζZZ = ±0.0830

ζAZ = ±0.0070

ζ̃ZZ = ±0.1086

ζ̃AZ = ±0.0895

, ρ =

⎛

⎜⎜⎝

1 −.992 .006 −.0002 −.001

- 1 .004 .0003 .0009

- - 1 .0015 −.0014

- - - 1 −.896

- - - - 1

⎞

⎟⎟⎠

ZH at 500 GeV with 500 fb−1

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

aZ = ±0.0954

ζZZ = ±0.0195

ζAZ = ±0.0053

ζ̃ZZ = ±0.0237

ζ̃AZ = ±0.0013

, ρ =

⎛

⎜⎜⎝

1 −.889 −.004 −.012 −.009

- 1 .041 .012 .010

- - 1 .011 .0005

- - - 1 .658

- - - - 1

⎞

⎟⎟⎠

ZH + ZZ at 500 GeV with 500 fb−1

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

aZ = ±0.0577

ζZZ = ±0.0134

ζAZ = ±0.0053

ζ̃ZZ = ±0.0220

ζ̃AZ = ±0.0012

, ρ =

⎛

⎜⎜⎝

1 −.758 −.002 −.0.010 −.001

- 1 .051 .008 .012

- - 1 .0076 −.0006

- - - 1 .652

- - - - 1

⎞

⎟⎟⎠

ZH at 250 + 500 GeV with H20
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

aZ = ±0.0326

ζZZ = ±0.0092

ζAZ = ±0.0024

ζ̃ZZ = ±0.0116

ζ̃AZ = ±0.0007

, ρ =

⎛

⎜⎜⎝

1 −.915 −.186 −.014 −.014

- 1 .0.117 .013 .016

- - 1 .008 −.0007

- - - 1 .600

- - - - 1

⎞

⎟⎟⎠

ZH + ZZ at 250 + 500 GeV with H20
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

aZ = ±0.0223

ζZZ = ±0.0067

ζAZ = ±0.0024

ζ̃ZZ = ±0.0109

ζ̃AZ = ±0.0006

, ρ =

⎛

⎜⎜⎝

1 −.837 −.134 −.009 −.010

- 1 .040 .008 .013

- - 1 .006 −.0012

- - - 1 .600

- - - - 1

⎞

⎟⎟⎠

Appendix A: The other analysises at 250 GeV1035

In the body of the paper the analysis are mentioned1036

focusing on the two channels of the ZH process as the1037

demonstrations, where the event acceptance and the mi-1038

TABLE X. Sensitivities to the anomalous V V H couplings
described with the general couplings coefficients [23]. The
full ILC operation H20 is assumed, where the total luminosi-
ties of 2 ab−1 and 4 ab−1 are planed to be accumulated for√
s =250 and 500 GeV, respectively. The values correspond

to 1σ bounds for each parameter.

ZH at 250 + 500 GeV with H20⎧
⎪⎨

⎪⎩

CH = ±0.01279

CWW = ±0.00104

C̃WW = ±0.00032

, ρ =

⎛

⎜⎝
1 0.874 −0.0021

- 1 0.00013

- - 1

⎞

⎟⎠

ZH + ZZ at 250 + 500 GeV with H20⎧
⎪⎨

⎪⎩

CH = ±0.00984

CWW = ±0.00085

C̃WW = ±0.00030

, ρ =

⎛

⎜⎝
1 0.802 0.0028

- 1 0.00432

- - 1

⎞

⎟⎠

gration effects are illustrated. To get the results of the1039

sensitivity shown through our paper, we analyzed each1040

four channels of both of the beam polarization states1041

e−Le
+
R and e−Re

+
L using the production processes of the1042

Higgs boson (ZH and ZZ-fusion). In this appendix, we1043

briefly refer to the analysis of the remaining two chan-1044

nels, which are not mentioned in the body of the paper.1045

The results are given with the left-handed state e−Le
+
R,1046

and ones with right-handed state e−Re
+
L are omitted in1047

this paper.1048

1. e+e− → ZH → e+e−H1049

The e+e−H channel of the ZH process has a similar1050

signature with the µ+µ−H channel, thus this channel1051

is also expected to give the similar sensitivity to the1052

anomalous ZZH couplings as with the µ+µ−H channel1053

although the effect of the photon radiations could be1054

larger compared with the µ+µ−H channel. The elec-1055

tron finding and recovering of the photon radiations on1056

the e+e−H channel is performed as with the µ+µ−H1057

channel, and the observables used for the background1058

suppression are same ones with the µ+µ−H channel1059

although detailed values are optimized for the e+e−H1060

channel. Fig. 29 show the migration effects on the ∆Φ1061

distribution of the e+e−H channel of the ZH process.1062

The degree of the migration effects is almost nothing1063

as with the µ+µ−H channel. Table XI shows reduction1064

of the signal process and background processes for each1065

cut.1066

ZZH / γZH  structures  
can be measured to ~0.5% 
or much better

1σ bounds  
    including 500 GeV operation

5-parameter fit

Test PDF

Sagitta sはある軸方向に等間隔な３つの測定店 x1, x2, x3によって定義される。

s = x2 −
x1 + x3

2

磁場中で回転する角度が十分小さい時には、

s = R(1− cosθ

2
) ∼ R

θ2

8
∼ 0.3L2B

8PT

誤差の伝播と、微分式より、以下のように表せる。

σ(s) =

√( ∂s

∂x1

)2
σ2(x) +

( ∂s

∂x2

)2
σ2(x) +

( ∂s

∂x3

)2
σ2(x) =

√
3

2
· σ(x)

σ(s) =
∣∣∣
∂s

∂PT

∣∣∣σ(PT ) =
0.3L2B

8P 2
T

σ(PT ) = s · σ(PT )

PT

以上より、運動量分解能の関係は、

σ(PT )

PT
=
(σ(s)

s
=

√
3/2 · σ(x)

s

)
=

√
3/2 · σ(x) · 8PT

0.3 ·BL2

LZZH = M2
Z

(1
v
+

aZ
Λ

)
ZµZ

µH +
bZ
2Λ

ẐµνẐ
µνH +

b̃Z
2Λ

Ẑµν
˜̂Z
µν

H

LWWH = 2M2
W

(1
v
+

aW
Λ

)
W+

µ W−µH +
bW
Λ

Ŵ+
µνŴ

−µνH +
b̃W
Λ

Ŵ+
µν
˜̂W

−µν

H

V̂µν ≡ ∂µVν − ∂νVµ and ˜̂V µν ≡ 1
2ϵµνρσV̂

ρσ.

From: B To: A 3

250GeV 500GeV

3-parameter fit

(ηZ =±0.5%) https://arxiv.org/abs/1506.07830

(Λ=1TeV)

γ/κ ⪅ 0.022

slide from Keisuke Fujii’s 
presentation at Higgs 
Couplings 2018, Tokyo

can be used to 
constraint the C2HDM at 

loop-level



Decay CP eigenstates Model

None C2HDM, other CPV extensions

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

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

Combinations of three decays

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

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

h1 → ZZ( + )h2 → ZZ( + )h2 → h1Z

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

h3 → h2Z CP(h3) = − CP(h2)

h2(3) → h1Z CP(h2(3)) = − 1

h2 → ZZ CP(h2) = 1

Many other combinations

🍪  CP-violation in a combination of three decays



But if something is found, a more detail studied is needed

Arhrib, Benbrik, El Falaki, Sampaio, RS, to appear in PRD (1809.04805)

CP-violation in a combination of three decays

The decay rate of a pseudoscalar to massive gauge bosons in the 2HDM is extremely small. The

reason is clear: the decays of pseudoscalar bosons to massive gauge bosons can only occur at the

loop level and massive gauge bosons are heavy. In fact, �(A ! ZZ) is always smaller than 10�5

GeV below the tt̄ threshold and smaller than 10�4 GeV above the same threshold, independently of

the Yukawa version of the model. It is therefore clear that these are not competitive channels when

compared to the ones with two fermions or even two photons final states. Since we are considering

pseudoscalar production via fermion loops or bb̄ initiated processes, a pseudoscalar decaying to two

massive gauge bosons is expected to be observed well after being detected in some fermion final state

(⌧+⌧�, bb̄ or tt̄) or in ��. Similarly to the two-photon final state, also here we can use exclusion

bounds from searches for a scalar decaying to either two Z bosons or to W
+
W

� performed by the

ATLAS [89, 90] and CMS [91] collaborations. In figure 4 we present the pseudoscalar production

cross section multiplied by the branching ratio A ! ZZ (top) and A ! W
+
W

� (bottom) for

Type I (left) and Type II (right). We also present the best experimental upper exclusion bound

for these channels [89, 90]. It is clear that the experimental bounds are still about one order of

magnitude away from the points with the largest rates in the scan. Moreover, also for these final

states only points below the tt̄ threshold and in the low tan� region have some chances of being

probed at the next LHC run. As previously discussed for the two photon final state there is an

overall factor of about 20 for the low mass region when considering both the increase in cross

section and in luminosity. However, figure 4 clearly shows that even if the results are better by

two orders of magnitude we will barely start to probe a few scenarios in the low tan� region. In

figure 5 we present [�(gg ! A) + �(bbA)]BR(A ! ZZ) at
p
s = 14 TeV as a function of mA with

mH+ = mH = 600GeV . As discussed, both for Type I and Type II, there is an increase in the

maximum values of the rates but still well below the experimental result line and an increase in

more than one order of magnitude is needed to start probing the largest values of the rates.

Figure 5: [�(gg ! A) + �(bbA)]BR(A ! ZZ) at
p
s = 14 TeV as a function of mA with mH+ = mH =

600GeV . The values of tan� are color coded as indicated on the right of the plots.

5 Results for the 2HDM+T

Before we present our results for 2HDM with a vector like top, we first show in figure 6 the allowed

range for yT , tan�, the mixing angles ↵ and sin ✓L for a fixed mT = 1 TeV. From the left plot of

11

Problem 1 - scalar is found in 
ZZ with very low rates - it 

could be a pseudoscalar plus 
in the 2HDM, in the exact 

alignment limit: 

Figure 9: Scatter plots for [�(gg ! A)+ �(bbA)]Br(A ! ��, ZZ,WW ) for
p
s = 100 TeV in the 2HDM+T

as a function of mA where mH+ = mH0 = 600 GeV, sin(✓L)=0.12, mT = 1TeV and yT = 10,the values of
tan � are color coded as indicated on the right of the plots.

Finally in figure 9 we present scatter plots for [�(gg ! A) + �(bbA)]Br(A ! ��, ZZ,WW ) forp
s = 100 TeV in the 2HDM+T as a function of mA where mH+ = mH0 = 600 GeV, sin(✓L)=0.12,

mT = 1TeV and yT = 10. The left plots are for Type I and the right plots are for Type II. In the

case of A ! �� part of the parameter space, for the low mass region is already excluded for the

parameters shown. For the same set of parameters almost all values of mA and tan� are within

the reach of a 100 TeV colliders. However, as yT decreases, the model will resemble the 2HDM and

therefore as previously discussed only the low tan� region will have some chances to be probed.

In order to roughly quantify the sensitivity for the ZZ and W
+
W

� final states (where our

main interest is focused), we will perform some rough estimates regarding the observability of the

CP-odd scalar decaying to two Z-bosons in the four-lepton channel. Let us start by computing

15

Problem 2 - with extra 
vector like quarks the 

rates could be higher even 
for a pseudoscalar

Γ(A → ZZ ) ∼ Γ(H → ZZ )



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

Fontes, Mühlleitner, Romão, RS, Silva, Wittbrodt, JHEP 1802 (2018) 073.

🍪  Variables to probe CP-violation
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Figure 9: Set of CP-violating processes as a function of the CP-violation phase |�(�5)| (see
colour code) for Type I (left column) and Type II (right column). In the first row we show
pp ! H# ! Zh125 against pp ! H# ! ZZ, in the second row we have pp ! H" ! Zh125

against pp ! H" ! ZZ and in the third row we plot pp ! H# ! ZZ against pp ! H" !

ZZ. Note that the yellow points are superimposed on the darker points - there are dark
points underneath the yellow points.

– 17 –

λ5 = |λ5 |eiϕ(λ5)

Compare variables that probe CP-violation 
with the set of processes that together 

could signal CP-violation.  

The first variable is just the phase



Mendez, Pomarol, PLB272 (1991) 313. 

ξV = 27
3

∏
i=1

c2(HiVV ) c(HiVV ) = Ri1cβ + Ri2sβ

J2
1 = [(m2

2 − m2
1 )(m2

3 − m2
1 )(m2

3 − m2
2 )]

ξV

27

Variable involving Higgs couplings to gauge bosons

[Rij] =
c1c2 s1c2 s2

−(c1s2s3 + s1c3) c1c3 − s1s2s3 c2s3
−c1s2c3 + s1s3 −(c1s3 + s1s2c3) c2c3

which is related with the simplest CP-odd invariant that can be build from the mass 
matrix

Lavoura, Silva, PRD50 (1994) 4619. 

Variables to probe CP-violation

Note that in the CP-conserving 2HDM,

c(AVV ) = 0 ⟹ ξV = 0

c(HiVV) is the coupling relative to the SM Higgs coupling; variables are normalised

0 < ξV ≤ 1



Fontes, Mühlleitner, Romão, RS, Silva, Wittbrodt, JHEP 1802 (2018) 073.

Variables vs. tanβ

0.0
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Type II
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� V

no EDM
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tan �

no EDM

Flipped

Figure 13: The CP-violating parameter ⇠V as a function of tan� for Type I (top left),
Type II (top right), Lepton-Specific (bottom left) and Flipped (bottom right). The lighter
points have passed all the constraints except for the EDM bounds while the darker points
have passed all constraints.

two almost straight lines (one for tan� ⇡ 1 and the other for ⇠V ⇡ 0), as well as a region
around tan� ⇡ 3 permitting values of ⇠V up to 0.6. This means that tan� can only be
large when we approach the CP-conserving limit except for a few points, which lie in the
wrong-sign regime. Hence, in a Type II model, points with significant CP-violation can
occur for tan� ⇡ 1 in the alignment limit or for large tan� for the wrong sign limit. The
situation in Flipped is similar to Type II, with a lower maximum value of ⇠V ⇠ 0.2 after
imposing the EDM constraints.

In figure 14 we show the individual contributions to the EDM coming from W -loops,
fermion-loops, charged Higgs loops and charged Higgs plus W -loops. For each C2HDM type,
we have grouped the contributions to the EDM according to their relative sign. For example,
in Type II the contributions of the W -loops (y-axis) and the sum of the contributions
of the fermion loops, charged Higgs loops and charged Higgs plus W -loops (x-axis) have
opposite sign. The grey shaded region represents the parameter space excluded by the

– 23 –

CP-violating parameter ξV as a function of tan β for 
all types.  

Lighter points have passed all constraints except 
EDM, darker points have passed all constraints.  

Type I:  no special regions regarding the allowed 
values of tan β. Also, the maximum value for ξV is 
around 0.2 almost independently of tanβ. 

Points with significant CP-violation can occur for tan β ≈ 1 in the alignment limit or for large tan β for the 
wrong sign limit.  

The situation in Flipped is similar to Type II, with a maximum value of ξV ∼ 0.2.

Type II: ,after EDM, we end with two almost 
straight lines (one for tan β ≈ 1 and the other for ξV 
≈ 0), as well as a region around tanβ ≈ 3 with  ξV up 
to 0.6.

€ 

κDκW < 0     or     κUκW < 0

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



Khater, Osland, APP B34 (2003) 4531.  

c(Hit̄t) =
1
sβ

(Ri2 − iγ5Ri3)

γt = 1024
3

∏
i=1

(Ri2Ri3)2

Let us consider now the Yukawa couplings. As an example consider a Type II  up-quark 
coupling

we defined the normalised variables

γb = 1024
3

∏
i=1

(Ri1Ri3)2

Similar variables can be defined for the sum.
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Figure 11: Same as figure 10, but for Type II.

although the variables show us a trend, they are not conclusive as a measure of CP-violation
in the scalar sector.

In figure 12 we present the same classes in the Type II C2HDM as in figure 11, but with
signal strengths (see eq. (3.4)) within 5% of the SM values. This gives us a hint on what to
expect at the end of the LHC Run2, or at the high luminosity LHC. There is a clear effect
in reducing the production rates but not in the distribution of yellow points. The main
difference is that now no yellow points appear in the first column which means that the
points with very large rates were excluded. The distribution of points in the other columns
did not change significantly, but the points with the higher rates were also excluded as for
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Results for Type II 
(where some correlation 

seems to exist)

But in most cases 
we found no 
correlation.  



🍪  CP-violation in the triple gauge bosons coupling

h3 → h2Z CP(h3) = − CP(h2)

h3 → h1Z CP(h3) = − CP(h1)

h2 → h1Z CP(h2) = − CP(h1)
Is there CP-violation here?Now let us 
take these three processes and build a 
nice Feynman diagram

iΓμαβ = − e
p2

1 − m2
Z

m2
Z

fZ
4 (gμα p2,β + gμβ p3,α) + . . .

With one Z off-shell the most general ZZZ 
vertex has a CP-odd term of the form

Gaemers, Gounaris, ZPC1 (1979) 259 
Hagiwara, Peccei, Zeppenfeld, Hikasa, NPB282 (1987) 253  
Grzadkowski, Ogreid, Osland, JHEP 05 (2016) 025

For a model with only this type of 
diagrams  

DO NOT MISS  
PEDRO FERREIRA’S CP IN THE 

DARK tomorrow at 10.45



Present measurements by ATLAS and CMS - still two orders of magnitude away

−1.2 × 10−3 < fZ
4 < 1.0 × 10−3

−1.5 × 10−3 < fZ
4 < 1.5 × 10−3

CMS collaboration, EPJC78 (2018) 165.

ATLAS collaboration, PRD97 (2018) 032005.

How far can we go in constraining f4?

Motivation, C2HDM Calculation setup Comparison with ZZZ in SM-EFT Summary

hi, hj, G0 loop

The Goldstone can be on each of the internal lines.
All combinations of hi, hj with i 6= j appear.
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Motivation, C2HDM Calculation setup Comparison with ZZZ in SM-EFT Summary

hi, hj, Z loop

The Z can be on each of the internal lines.
All combinations of hi, hj with i 6= j appear.
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In the C2HDM there are two more types of diagrams

Grządkowski, Ogreid, Osland, JHEP 05 (2016) 025.  
Bélusca-Maïto, Falkowski, Fontes, Romão, Silva, JHEP 04 (2018) 002 
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Figure 6. Scatter plots showing the absolute value of the CP violating form factor fZ

4 (q2) for two
values of

p
q2 for points in the parameter space of the type-1 C2HDM satisfying theoretical (unitar-

ity, bounded from below) and experimental (LHC Higgs, electric dipole moments, and electroweak
precision measurements) constraints.

mitigated in the C2HDM because of a combination of two facts. First, we know from the

h125 ! ZZ measurements that the corresponding coupling in the C2HDM lies very close to

the SM value (the so-called alignment limit). Second, the sum rule in eq. (3.24) guarantees

that any heavier scalar will have a very small coupling to ZZ. Nevertheless, once statistics

improve at LHC, a precise constraint on fZ

4
can best be achieved by a detailed simulation

of the C2HDM within the experimental analysis of the collaborations, which is beyond the

scope of this work. Our results for the maximum of |fZ

4
| are slightly below those reported in

Ref. [26]. This is mainly due to the e↵ect of including in our scan the bound on the electron

EDM [52]. The sign di↵erence that we have found does not a↵ect much the absolute value,

because the diagram where it occurs is typically the dominant one (in the gauge ⇠ = 1) [26].

For future reference, we also give the final form of the Z3 vertex before evaluating the
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The typical maximal value for f4 seems to be below 10-4.

PLOT from JHEP 04 (2018) 002 

h2 → h1Z CP(h2) = − CP(h1)

h1 → Z Z CP(h1) = 1
h2 → Z Z CP(h2) = 1
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FIG. 4. Sensitivity of cross section and polarization observables on anomalous couplings at
p

s = 13 TeV and L = 300 fb�1 in ZZ production
at LHC

FIG. 5. Two dimensional marginalized contours at 95% BCI from
MCMC with cross section s and s with polarization asymmetries
(pol.) at

p
s = 13 TeV for various luminosities in ZZ production at

LHC

servables and the linear contribution from f V
5 are negligibly

small compared to their quadratic contribution. For example
in s(M4l > 1 TeV) (Eq. (A1)) coefficient of f V

5 are ⇡ 1, while
coefficient of ( f V

5 )2 are ⇡ 5⇥104. So even at f V
5 = 10�3 the

quadratic contribution is 50 times stronger than the linear one.
Although asymmetries are not strong as cross section, they are
useful in anomalous couplings as we will see in next sections.

A noticeable thing is that the sensitivity of Ax2�y2 are flat
and negligible for CP-even couplings f V

5 , while they signif-
icantly vary for CP-odd couplings f V

4 . Thus the asymmetry
Ax2�y2 , although a CP-even observables, can help us to detect
CP-odd interaction in the ZZ production at LHC.

TABLE II. One parameter limits (10�3) on anomalous couplings in
ZZ production at LHC at

p
s = 13 TeV for various luminosity

param / L 35.9 fb�1 150 fb�1 300 fb�1 1000 fb�1

f g
4

+1.20
�1.20

+0.84
�0.84

+0.70
�0.70

+0.52
�0.52

f g
5

+1.19
�1.22

+0.83
�0.86

+0.69
�0.73

+0.51
�0.54

f Z
4

+1.02
�1.02

+0.71
�0.71

+0.60
�0.60

+0.44
�0.44

f Z
5

+1.02
�1.04

+0.71
�0.73

+0.59
�0.62

+0.44
�0.46

TABLE III. Simultaneous limits (10�3) on anomalous couplings in
ZZ production at LHC at

p
s = 13 TeV for various luminosity from

MCMC

param / L 35.9 fb�1 150 fb�1 300 fb�1 1000 fb�1

f g
4

+1.12
�1.11

+0.78
�0.78

+0.66
�0.66

+0.50
�0.50

f g
5

+1.10
�1.13

+0.77
�0.80

+0.65
�0.67

+0.47
�0.50

f Z
4

+0.95
�0.95

+0.67
�0.67

+0.57
�0.57

+0.41
�0.41

f Z
5

+0.95
�0.97

+0.67
�0.68

+0.56
�0.58

+0.41
�0.42

B. Limits on couplings from MCMC

The observables consisting cross section and asymmetries
given in the appendix A in the signal region are used to ob-
tained limits on anomalous couplings. The one parameter
limits are obtained by varying one parameter at a time and
keeping all other set to zero. The one parameter limits on all
anomalous couplings at 95% C.L. with es = 2% and eA = 1%
for four bench mark luminosities L = 35.9 fb�1, 150 fb�1,
300 fb�1 and 1000 fb�1 are shown in Tab. II. The one pa-
rameter limit at L = 35.9 fb�1 in the first column of Tab. II
can be compared with the tightest limit available at LHC by
CMS [60] given in Eq. (2). The inclusion of asymmetries to
the set of observables does not give much of improvement
to the one parameter limit on the anomalous couplings. A
benchmark aTGC couplings may give different signature in
the asymmetries apart from the excess events, which will be
discussed later.

Rahaman, Singh, 1810.11657.



YTypeII
C2HDM = ad + iγ5bd = c2Y

TypeII
2HDM − iγ5s2tβ bottom, tau

YTypeII
C2HDM = au + iγ5bu = c2Y

TypeII
2HDM − iγ5

s2

tβ
top

🍪  CP-violation in the Yukawa couplings



Bounds on the Yukawa couplings

With the most relevant experimental and theoretical constraints
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Figure 1. C2HDM Type I: for sample 1 (dark) and sample 2 (light) left: mixing angles α1 and α2 of
the C2HDM mixing matrix R only including scenarios where H1 = h125; right: Yukawa couplings.
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Figure 2. Type II, H1 = h125: mixing angles α1 and α2 of the C2HDM Type II mixing matrix R
for sample 1 (dark) and sample 2 (light).

The maximum value of this angle can be understood from the bound 0.79 < µV V <

1.48. In fact, as previously shown in [17] the fact alone that µV V > 0.79 forces the angle |α2|
to be below ≈ 27o. Coming from the bound on µV V , this constraint will be approximately

the same for all types (before imposing EDM constraints), as will become clear in the

next plots.

We are also interested in the wrong-sign regime, defined by a relative sign of the Yukawa

coupling compared to the Higgs-gauge coupling, realized for ceb < 0. As shown previously

in [82, 83], the right plot again demonstrates that the wrong-sign regime is in conflict with

the Type I constraints because the Yukawa couplings cannot be varied independently.

In figure 2 we present the distributions of the angle α1 and α2 for samples 1 and 2 and

for a Type II model. The EDM constraints, applied in our sample 1, strongly reduce |α2| to
small values. Only for scenarios around the maximal doublet mixing case with α1 ≈ π/4,

α2 can reach values of up to ∼ ±20◦.

The phenomenological implications of the reduced CP-violating mixing angle in Type

II when h125 = H1 are demonstrated in figure 3. It shows the distribution of the CP-odd

component cof versus the CP-even component cef of the h125 Yukawa coupling as defined

in eq. (2.24) to bottom quarks and tau leptons (left) and top quarks (right). As can be
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ghuu
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Figure 3. C2HDM Type II, h125 = H1: Yukawa couplings to bottom quarks and tau leptons (left)
and top quarks (right) for sample 1 (dark) and sample 2 (light).

Figure 4. C2HDM Type II, h125 = H2: Yukawa couplings to bottom quarks (left) and top quarks
(right) for sample 1 (dark) and sample 2 (light).

inferred from figure 3 (left) the Higgs data alone still allow for vanishing scalar couplings

to down-type quarks (ceb = 0), as discussed in [17]. The inclusion of the EDM constraints,

however, clearly rules out this possibility when h125 = H1. Nevertheless, the wrong-sign

regime (ceb < 0) is still possible in the C2HDM for down-type Yukawa couplings. The

electron EDM has no discernable effect on the allowed coupling to up-type quarks, as can

be read off from the right plot.

The situation changes when we take Type II with h125 = H2, as shown in figure 4.

One can still find scenarios where the top coupling is mostly CP-even (cet ≃ 1), while the

bottom coupling is mostly CP-odd (cob ≃ 1). It is noteworthy that the electron EDM kills

all such points in Type II when h125 = H1, but that they are still allowed in Type II

when h125 = H2.

In table 3 we present three benchmark scenarios in Type II with large CP-violation

in the Yukawa sector. The first scenario, BP2m, has maximal cob with nearly vanishing
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ghbb
C2HDM = (cos α2

cos α1

cos β
− i sin α2 tan β γ5 ) ghff

SM

cos 20o = 0.94 sin 20o = 0.34

tan β > 1

EDM

1H2+i`B+ .BTQH2 JQK2Mib

(a) (b) (c) (d)

Figure 1: Barr-Zee diagrams, which contribute to fermionic EDMs at two-loop level.

measurements in discrimination of 2HDMs, and also prospects of future experiments. Sec. 6 is
devoted to conclusions and discussion. Notations and details of the calculation are given in the
Appendices.

2 Models

We briefly review the models discussed in this paper. We have two Higgs doublets, H1 and H2,
and they have the vacuum expectation values (VEVs). The Higgs doublets are parametrized as
follows,

Hi =

(
π+i

1√
2

(
vi + σi − iπ3i

)
)

, (i = 1, 2). (2.1)

In order to avoid the dangerous FCNC problems, we introduce the Z2 symmetry. The Z2 symmetry
is assumed to be softly broken so that the domain-wall formation in the early universe is suppressed.
Under this symmetry, the Higgs doublets are translated into H1 → +H1 and H2 → −H2, and the
Higgs potential is given as

V =m2
1H

†
1H1 +m2

2H
†
2H2 −

((
Rem2

3 + iImm2
3

)
H†

1H2 + (h.c.)
)

+
1

2
λ1(H

†
1H1)

2 +
1

2
λ2(H

†
2H2)

2 + λ3(H
†
1H1)(H

†
2H2) + λ4(H

†
1H2)(H

†
2H1)

+
(
λ5e

i2φ(H†
1H2)

2 + (h.c.)
)
. (2.2)

The third and last terms in this potential contain complex parameters. While one of them can
be eliminated by redefinition of Higgs fields, another phase is physical so that CP symmetry is
broken. In this paper we take the Higgs VEVs, v1 and v2, real using the gauge symmetry and also
redefinition of a Higgs field. In this basis, two phases in the potential are related to each others by
the stationary condition of the potential, V ′ = 0. In this paper we choose φ as an input parameter
for CP violation.

We also use the following variables for convenience in this paper,

cos β =
v1
v
, sin β =

v2
v
, (2.3)

M2 ≡
v21 + v22
v1v2

Rem2
3. (2.4)

2

= 1H2+i`B+ .BTQH2 JQK2Mib U1.JbV Q7 72`KBQMb �`2 *S@pBQH�iBM;
[m�MiBiB2bX

= :QQ/ HBKBib QM i?2 2H2+i`QM 1.J (RjRyXd8j9- �*J1)

/2 = 8.7⇥ 10�29 2 +K

�M/ `2HB�#H2 i?2Q`2iB+�H T`2/B+iBQM(RjRRX9dy9- �#2 2iX�H)X

CX qBii#`Q/i % .1au h?2Q`v qQ`Fb?QT kyRd % kdXyNXkyRd % S�;2 9

μVV > 0.79 ⇒ cos α2 > 0.89 ⇒ α2 < 27o

Fontes, Muhlleitner, Romão, RS, Silva, Wittbrodt, JHEP 1802 (2018) 073.



EDM constraints completely kill large pseudoscalar components in Type II. 
Not true in Flipped and Lepton Specific. 

EDMs act differently in the different Yukawa versions of the model. 
Cancellations between diagrams occur. 

CP-odd coupling proportional to sinα2 tanβ 

The relevant quantity for the pseudoscalar component is co = sin(α2 ) tan(β )



Predicted precision for CLIC

Parameter Relative precision [76,77]

350 GeV +1.4 TeV +3.0 TeV
500 fb�1 +1.5 ab�1 +2.0 ab�1

HZZ 0.43% 0.31% 0.23%
HWW 1.5% 0.15% 0.11%
Hbb 1.7% 0.33% 0.21%
Hcc 3.1% 1.1% 0.75%
Htt � 4.0% 4.0%
H⌧⌧ 3.4% 1.3% <1.3%
Hµµ � 14% 5.5%
Hgg 3.6% 0.76% 0.54%
H�� � 5.6% < 5.6%

Table 4: Results of the model-dependent global Higgs fit on the expected precisions of the Hii (see text). Entries
marked “�” cannot be measured with su�cient precision at the given energy. We call the first (350 GeV) scenario
Sc1, the second (1.4 TeV) Sc2 and the third (3.0 TeV) Sc3.

which at tree-level is just the ratio of the Higgs coupling in the BSM model and the corresponding
SM Higgs coupling. We have called the three benchmarks scenarios Sc1 (350 GeV), Sc2 (1.4
TeV) and Sc3 (3.0 TeV). In this table we can see the foreseen precisions that are expected to
be attained for each Hii. With these predictions we can now ask what is the e↵ect on the
parameter space of each model presented in the previous section. This in turn will tell us how
much an extra component from either a singlet (or more singlets) or a doublet contributes to the
h125 scalar boson. Clearly, if no new scalar is discovered one can only set bounds on the amount
of mixing resulting from the addition of extra fields. In the case of a CP-violating model it is
possible to set a bound on the ratio of pseudoscalar to scalar Yukawa couplings, where there is
an important interplay with the results from EDM measurements. The results presented in this
section always assume that the measured central value is the SM expectation, meaning that all
Hii in Table 4 have a central value of 1. Small deviations from the central value will not have a
significant e↵ect on our results because the errors are very small. If significant deviations from
the SM predicted values are found the data has to be reinterpreted for each model.

Starting with the simplest extension, the CxSM, there are either one or two singlet compo-
nents that mix with the real neutral part of the Higgs doublet. In the broken phase, where there
are no dark matter candidates, the admixture is given by the sum of the squared mixing matrix
elements corresponding to the real and complex singlet parts, i.e.

⌃CxSM

i = (Ri2)
2 + (Ri3)

2
, (4.43)

with the matrix R defined in Eq. (2.3). If a dark matter candidate is present one of the Rij , j =
2, 3, is zero. In any case the Higgs couplings to SM particles are all rescaled by a common factor.
Therefore, we just need to consider the most accurate Higgs coupling measurement to get the
best constraints on the Higgs admixture. The maximum allowed singlet admixture is given by
the lower bound on the global signal strength µ which at present is

⌃CxSM

max LHC ⇡ 1� µmin ⇡ 11% . (4.44)

In CLIC Sc1 the most accurate measurement is for the scaled coupling HZZ , which would give

⌃CxSM

max CLIC@350GeV
⇡ 0.85% , (4.45)

11

LHC today

ΨC2HDM
i ≤ 0.85 % from κZZ

Azevedo, Ferreira, Muhlleitner, RS, Wittbrodt, 1808.00755

Abramowicz eal, 1307.5288. 
CLICdp, Sicking, NPPP, 273-275, 801 (2016)

CLIC@350GeV (500/fb)

If no new physics is discovered and the measured values 
are in agreement with the SM predictions, the 

pseudoscalar components (from the C2HDM) will be 
below the % level.

Not taking into account radiative corrections

How will it look in the future?

coupling close to one does not require the Yukawa couplings of the other Higgs bosons to be
small. The resulting tt̄H cross sections in the N2HDM and C2HDM can indeed be comparable
or even larger than the ⌫⌫̄H cross section. Therefore, tt̄H production becomes a highly relevant
search channel if no additional Higgs bosons are discovered during the 350 GeV run.

Figure 11: Total rates for e
+
e
� ! tt̄H" ! tt̄bb̄ for the type 1 N2HDM and C2HDM and CxSM. No 350 GeV

CLIC constraints (left) and with constraints (right).

6 Conclusions

We have investigated extensions of the SM scalar sector in several specific models: the CxSM,
the 2HDM, C2HDM and N2HDM in the Type I and Type II versions as well as the NMSSM. The
analysis is based on three CLIC benchmarks with centre-of-mass energies of 350 GeV, 1.4 TeV
and 3 TeV. For each benchmark run, the precision in the measurement of the Higgs couplings
was used to study possible deviations from the – CP-even and doublet-like – expected behaviour
of the discovered Higgs boson. We concluded that the constraints on the admixtures of both a
singlet and a pseudoscalar component to the 125GeV Higgs boson, improve substantially from
tens of percent to well below 1% when going from the LHC to the last stage of CLIC. In fact, as
shown in [5], after the LHC Run 1 the constraints on the admixtures were as shown in table 5,
where ⌃ stands for the singlet admixture and  is the pseudoscalar admixture. As noted in [5]
the upper bound on  for the C2HDM type II is mainly due to the EDM constraints.

Model CxSM C2HDM II C2HDM I N2HDM II N2HDM I NMSSM

(⌃ or )
allowed

11% 10% 20% 55% 25% 41%

Table 5: Allowed singlet and pseudoscalar (for the C2HDM) admixtures.

With the CLIC results the limits on the admixtures are completely dominated by the mea-
surement of HZZ for Sc1 and by HWW for Sc2 and Sc3 through the unitarity relation


2

ZZ,WW + /⌃  1 (6.49)

where the sum rule includes the factor Ri3, which is either the pseudoscalar, or the singlet

20

ΨC2HDM
i = R2

i3

C2HDM - pseudoscalar component.ΨC2HDM
i



How will it look in the future?

ΨC2HDM
i = R2

i3Unitarity ⇒ κ2
ZZ,WW + ΨC2HDM

i ≤ 1

The deviations can be written in terms of the rotation matrix from gauge to mass eigenstates.

Azevedo, Ferreira, Muhlleitner, RS, Wittbrodt, 1808.00755

h1

h2

h3

= R (
ρ
η
ρS) R = [Rij] =

c1c2 s1c2 s2

−(c1s2s3 + s1c3) c1c3 − s1s2s3 c2s3

−c1s2c3 + s1s3 −(c1s3 + s1s2c3) c2c3

for all Type I Yukawa couplings. One can then expect, by the end of the CLIC operation, all
pseudoscalar (scalar) Type I Yukawa couplings to be less than roughly 5% (0.5 %) away from
the SM expectation. We again stress that this result assumes that experiments will not see
deviations from the SM.

Recently, in [78] a study was performed for a 250 GeV electron-positron collider for Hig-
gsstrahlung events in which the Z boson decays into electrons, muons, or hadrons, and the
Higgs boson decays into ⌧ leptons, which subsequently decay into pions. The authors found
that for an integrated luminosity of 2 ab

�1, the mixing angle between the CP-odd and CP-even
components, defined as

Li = g⌧̄ [cos CP + i�5 sin CP ] ⌧Hi , (4.47)

could be measured to a precision of 4.3o which means that this is the best bound if the central
measured value of the angle is zero. Their result is translated into our notation via

tan ⌧

CP =
c
o(Hi⌧̄ ⌧)

ce(Hi⌧̄ ⌧)
. (4.48)

Taking into account the values in Fig. 1 (right) we obtain bounds on  top

CP
=  

bottom

CP
=  

⌧

CP
,

for Type I, (by looking at the maxima and minima of each component in the plot) that are of
the order of 6o for CLIC@350GeV and 3o for CLIC@3TeV. Therefore the indirect bounds are of
the same order of magnitude as the direct ones.

Figure 2: Mixing angles ↵2 vs. ↵1 (left) and c
o

b vs. c
e

b (right) for the C2HDM Type II. The blue points are for
Sc1 but without the constraints from Hgg and H�� ; the green points are for Sc1 including Hgg and the red
points are for Sc3 including Hgg and H�� .

In Fig. 2 (left) we present the mixing angles ↵2 vs. ↵1 for the C2HDM Type II. In the right
panel we again show the pseudoscalar component of the b-quark Yukawa coupling c

o

b
vs. its

scalar component ce
b
. The blue points are for Sc1 without the constraints from Hgg and H�� .

These loop induced couplings are the only ones where interference between Yukawa couplings
and Higgs gauge couplings occur. Therefore, whatever the precision on the measurement of tree-
level couplings is, the result will always be a ring in that plane, that will become increasingly
thiner with growing precision. However, even for CLIC@350GeV, if the constraint for Hgg is
included, the ring is reduced to the green arch shown in the figure. By the end of the CLIC
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Using the bounds for 𝞳i the Yukawa allowed circle looks like

350 GeV and no 
𝞳gg , 𝞳𝛾𝛾 

350 GeV with 
𝞳gg , 𝞳𝛾𝛾 

3 TeV with 
𝞳gg , 𝞳𝛾𝛾 



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

and for instance in type II

A scalar that is also a pseudoscalar

c1 = 0 ⟹ R11 = 0

c1 = 0 ⟹ R11 = 0 ⟹ aD = aL = 0

and

bD = bL = − s2tβ

bU = s2 /tβ
for large tan𝛽 

b2
D = b2

L ≈ 1

bU ≈ 0

0 + iγ5bD

aU + iγ5 × 0

🍪  CP-violation - a strange scenario



and

Type I

Type II

Type F

Type LS

Even if the CP-violating 
parameter is small, large 

tanβ can lead to large values 
of b.

Can be achieved

c1 = 0 ⇒ R11 = 0

a2
U =

c2
2

s2
β

; b2
U =

s2
2

t2
β

; C2 = s2
βc2

2

aU = aD = aL =
c2

sβ
bU = − bD = − bL = −

s2

tβ

aD = aL = 0

aD = 0

aL = 0

bD = bL = − s2tβ

bD = − s2tβ

bL = − s2tβ

ai + iγ5bi (i = U, D, L)

Possible for all Yukawa types except Type I



Which means CP-violation in a strange way

A Type II model 
where H2 is the SM-

like Higgs.  

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

and the other decaying to taus as CP-odd

Probing one Yukawa coupling is not enough!  

h2 = H; pp → Htt̄

h2 = A → τ+τ−

YC2HDM = aF + iγ5bF

bU ≈ 0; aD ≈ 0



The LS and F benchmark points

Almost CP-odd in the 
coupling to taus. Almost CP-

even in the coupling to 
quarks.

The other scenarios are for maximal co * ce with all 
possible signs combination.

Same but with a CP-odd 
coupling to b quarks.

h1 = A → τ+τ−

h1 = A → b̄b

h1 = H; pp → Htt̄

h1 = H; pp → Htt̄



Numbers from: Berge, Bernreuther, Kirchner 
PRD92 (2015) 096012

Berge, Bernreuther, Ziethe PRL 100 (2008) 171605  
Berge, Bernreuther, Niepelt, Spiesberger, PRD84 (2011) 116003

• A measurement of the angle

can be performed 
with the accuracies

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

pp → h → τ+τ−

tan Φτ =
bL

aL

ΔΦτ = 15o ⇐ 150 fb−1

tan Φτ = −
sin β

cos α1
tan α2 ⇒ tan α2 = −

cos α1

sin β
tan Φτ

ΔΦτ = 9o ⇐ 500 fb−1

CP from direct measurements at  the LHC (ττh) 



Gunion, He, PRL77 (1996) 5172 
Boudjema, Godbole, Guadagnoli, Mohan, PRD92 (2015) 015019 
Amor dos Santos  eal PRD96 (2017) 013004 

Signal: tt fully leptonic (or semi-
leptonic) and H -> bb

Background: most relevant is the 
irreducible tt background

pp → ht̄t

CP from direct measurements at  the LHC (tth) 

ℒHt̄t = −
yt

2
t̄(a + ibγ5)th



Gunion, He, PRL77 (1996) 5172

The spin averaged cross section of tth productions has terms proportional to a2+b2 and 
to a2-b2. Terms a2-b2 are proportional to the top quark mass.  We can define

ℒHt̄t = −
yt

2
t̄ (a + ibγ5)th

b4 =
pz

t pz
t̄

pt pt̄

α[𝒪CP] ≡
∫ 𝒪CP {dσ(pp → tth)/dPS}dPS

∫ {dσ(pp → tth)/dPS}dPS

where the operator is chosen to maximise the sensitivity of 𝛼 to the  a2-b2 term. The 
best operator from the ones proposed is

Another option is to use angular distributions for which the CP-even and the CP-odd 
terms behave differently.

Probing the nature of h in tth



Gunion, He, PRL77 (1996) 5172 
Amor dos Santos  eal PRD96 (2017) 013004 



So, what is bound on the pseudoscalar 
component of the tth coupling at the end of 

the high luminosity LHC?
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Figure 2: Expected CL, assuming the SM, as a function of the integrated luminos-
ity. 2a (2b): exclusion of pure CP-odd scenario using the single-lepton (dilepton)
selected events, comparing di↵erent observables used to extract the CL; 2c: exclusion
of pure CP-odd scenario combining observables in each individual channel and com-
bining both channels (the observables were treated as uncorrelated); 2d: exclusion of
various cos↵ values between 0 and 1 with dilepton analysis, using �⌘(`+, `�) as the
discriminant observable.
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Figure 2: Expected CL, assuming the SM, as a function of the integrated luminos-
ity. 2a (2b): exclusion of pure CP-odd scenario using the single-lepton (dilepton)
selected events, comparing di↵erent observables used to extract the CL; 2c: exclusion
of pure CP-odd scenario combining observables in each individual channel and com-
bining both channels (the observables were treated as uncorrelated); 2d: exclusion of
various cos↵ values between 0 and 1 with dilepton analysis, using �⌘(`+, `�) as the
discriminant observable.
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Azevedo, Gonçalo, Gouveia, Onofre, 1902.00298 
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For cos𝝰=0.7 the limit on 𝝰2 is 46º for 
tanβ=1 while for cos𝝰=0.9 is 26º - close to 

what we have today from indirect 
measurements. 

The difference is that the bound is now 
directly imposed on the Yukawa coupling.

ℒHt̄t = κytt̄(cos α + i sin αγ5)th

cos α = 1  pure scalar



Corresponds to the C2HDM in the limit

In this case 

many other proposals…

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

ΔΦτ = 40o ⇐ 50 fb−1

ΔΦτ = 25o ⇐ 300 fb−1

pp → jjh

Φτ = α2

cos(β − α1) = 1; tan β = 1

Higgs CP properties will benefit greatly from a high
luminosity LHC run.
We note that the limits we have set can in principle be

improved upon by including other techniques which are
sensitive to the CP properties of the Higgs, such as
including detailed information about the τ decay products
as in Refs. [37,38]. Further discriminatory power between
the gluon fusion and weak boson fusion production
mechanisms could also be gained by using likelihood
methods as in Ref. [73]. We are thus hopeful that it may
be possible to improve upon our projections. With a similar
analysis it may even be possible to extract information from
the h → bb̄ decay.

V. CONCLUSIONS

Measuring the detailed CPproperties of the Higgs is one
of the most important aspects of the precision Higgs
program in the upcoming 14 TeV run at the LHC.
Previous theoretical and current experimental analyses
have focused on exploiting the Higgs couplings to massive
vector bosons. However, the CP-odd couplings toW and Z
are suppressed, so that analyses based on these couplings
project out much of the physics of interest. Instead, we
focused on Higgs interactions that have the same para-
metric strength for the CP-even and -odd Higgs compo-
nents. This led us to consider Higgs production in
association with two jets. We interpreted our results in a
phenomenological parametrization with CP-violating htt̄
couplings. Our analysis is also sensitive to dimension-5
hGμν ~Gμν operators induced by new high scale physics and

is unlikely to be sensitive to CP-violating couplings
to massive vector bosons since their effects should be
small taking into account constraints from orthogonal
Higgs-property measurements.
We then focused on Higgs decay into a pair of τ leptons.

Our analysis exploits the jet correlations in Higgs produc-
tion and is thus relatively independent of the CP nature of
the hττ coupling. Changes in the hττ coupling will change
the statistics but not affect in any fundamental way our
ability to set a limit on the CP mixing in this channel.
We have carried out a detailed simulation of the signal

and backgrounds, taking detector effects such as accep-
tances and fake rates into account, and used a multivariate
analysis to achieve excellent discriminating power in the
mixing angle α. We have presented estimates of the
constraints that can be set using the current 8 TeV data
set, as well as 20 and 50 fb−1 of data at 14 TeV, corre-
sponding to approximately one and two years of running.
We find that the 8 TeV data set should be able to achieve
nearly 95% C.L. exclusion of a CP-odd Higgs relative to a
CP-even one. This should improve even further with the
14 TeV run such that α ≥ 0.7 could be excluded with
50 fb−1 and α ≥ 0.3 with 500 fb−1. By including other
Higgs decay modes, e.g., H → γγ, the exclusion reach can
be extended even further.
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FIG. 5 (color online). Left: The projected 95% exclusion confidence limit on the mixing angle α that can be set as a function of the
integrated luminosity at the 14 TeV run of the LHC (assuming α ¼ 0 as the null hypothesis). Right: As in the left-hand plot, but
comparing with an inflated theoretical error of 25%.
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Hankele, Klamke, Zeppenfeld, 0605117

Using the azimuthal angle between 
the two jets.



Signal rates - h125 (h3 or h2) to H↓H↓ for all types

Maximal rates 
range from 10 to 

30 pb. As an 
example the 

final state bbττ 
is still above the 

pb level.

Decays of h125 (just h3) to H↓H↓ for all types

In the case of the heaviest being 
the 125 GeV Higgs, signal rates 
can still be large but only for 

Type I and LS due to a 
combination of the bound on the 

charged Higgs mass and STU. 



Decays to h125 h125 in Types I and II

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

H↑ (lower) 
decaying to h125 h125 for 13 
TeV as a function of mH. 

Rates can be above the pb level but are at most 10 fb if we restrict the decays to ZZ to be 
below 1 fb. Reference cross section for the SM di-Higgs production is about 30 fb.

Right – Same as left with the 
extra conditions 



Conclusions

🍪   The closer we get to the situation where the Higgs couplings to 
fermions and gauge bosons are very SM-like, the harder will be to 
probe CP-violation using decays to Z bosons, if a new scalar is 
found. 

🍪   Anomalous triple Z couplings would be an important measurement in 
the future if we could increase precision. 

🍪   There is still a lot to do in the Yukawa sector… 

🍪   … and if not at the LHC, perhaps at the future ILC. 

🍪   There are still scalars to be discovered with very large production 
rates. 



The end



Boudjema, Godbole, Guadagnoli, Mohan 2015

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



Berge, Bernreuther, Kirchner PRD92 (2015) 096012



Direct probing at the LHC

• For the C2HDM we need three 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. 



The SM-like Higgs coupling to ZZ(WW) relative to the corresponding SM coupling is

YTypeII
C2HDM = c2Y

TypeII
2HDM − iγ5s2tβ bottom, tau

κh125WW
C2HDM = c2 sin(β − α)

What if the 125 GeV reveals different CP behaviour in two decay channels?

Thus, the SM-like Higgs couplings to the tops could be mainly CP-even while couplings 
to the bottoms and taus could be mainly CP-odd.

and c2 cannot be far from 1. But α2 is the CP-violating angle and therefore it should 
be small. However, the CP-odd component has an extra tanβ factor for down quarks 
and leptons, but not for the up quarks

YTypeII
C2HDM = c2Y

TypeII
2HDM − iγ5

s2

tβ
top

Fontes, Muhlleitner, Romão, RS, Silva, Wittbrodt, JHEP 1802 (2018) 073.



Amor dos Santos  eal 2015

Combinatorial background plays a very 
important role.


