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⊙ A benchmark model was born for CPV searches - The 
Complex 2HDM or C2HDM 

⊙ Unexpected twist - large 
CP-odd components of Yukawa 
couplings  

⊙ Season finale - combination 
of 3 decays as a sign of  
CP-violation

Previously on “Searches for CPV at the LHC”



Season 2

⊙ CP-violation in the Yukawas 

⊙ CP-violation in the couplings to gauge bosons 

⊙ CP-violation in a dark sector  
(if I have time because  
this is an episode from  
season 1) 

⊙ Conclusions
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The C2HDM

4

A benchmark model was born for CPV searches -  
the Complex 2HDM



Softly broken Z2 symmetric 2HDM Higgs potential

and CP is explicitly and not spontaneously broken

• m2
12 and λ5 real 2HDM

• m2
12 and λ5 complex C2HDM

V = m2
11 |Φ1 |2 + m 2

22 |Φ2 |2 −m2
12 (Φ†

1Φ2 + h . c.)

+
λ1

2
(Φ†

1Φ1)2 +
λ2

2
(Φ†

2Φ2)2 + λ3(Φ†
1Φ1)(Φ†

2Φ2) + λ4(Φ†
1Φ2)(Φ†

2Φ1)+
λ5

2 [(Φ†
1Φ2) + h . c . ]

< Φ1 > = (
0
v1

2 ) < Φ2 > = (
0
v2

2 )

ratio of vacuum expectation values

€ 

tanβ =
v2
v1

2 charged, H±, and 3 neutral CP-conserving - h, H and A

CP-violating - h1, h2 and h3

rotation angles in the neutral sector CP-conserving – α
CP-violating - α1, α2 and α3soft breaking parameter

CP-conserving – m2
12

CP-violating – Re(m2
12) 5
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"Pseudoscalar" component (doublet)

CP-violating 2HDM

ghVV
2HDM = sin(β − α)ghVV

SM

ghVV
C2HDM = cos α2 ghVV

2HDM

h125 couplings measurements

ℒhZZ = κ
m2

Z

v
hZμZμ +

α
v

hZμ∂α∂αZμ +
β
v

hZμνZμν +
γ
v

hZμνZ̃μν

Only term in the C2HDM at tree-level

The effective Lagrangian is written as

sin α2 = 0 ⟹ h is a pure scalar

sin α2 = 1 ⟹ h is a pure pseudoscalar
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h125 couplings measurements

ℒhff = κf yf f̄ (cos α + i γ5 sinα) f h

C2HDM parametrisation

The effective Lagrangian is written as

ℒhuu
C2HDM = ghff

SM ū [ R12

sin β
− i

R13

tan β
γ5] u h

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

−(c1s2s3 + s1c3) c1c3 − s1s2s3 c2s3

−c1s2c3 + s1s3 −(c1s3 + s1s2c3) c2c3

ALL TYPES

ℒhdd
C2HDM = ghff

SM d̄ [ R12

cos β
− iR13 tan βγ5] d h TYPE II
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Yukawa types

€ 

κU
I =κD

I =κL
I =
cosα
sinβType I

Type II

€ 

κU
II =

cosα
sinβ

€ 

κD
II =κL

I I = −
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

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

Flipped

Lepton-Specific

For the real 2HDM (again for the lightest)

For the C2HDM



What are the bounds on the Yukawa couplings from rates only?

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

– 11 –
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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

– 12 –

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

EDMs

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

10

Unexpected twist! - large CP-odd components of Yukawa couplings 



The strange case of CP-violation in a complex 2HDM

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

With the new EDM result

Fontes, Mühlleitner, Romão, RS, Silva, Wittbrodt, JHEP 1802 (2018) 073. 11



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

Ψi(Σ1) ≤ 0.85 % from κZZ

All models become very similar and 
hard to distinguish.

Azevedo, Ferreira, Mühlleitner, RS, Wittbrodt, PRD99 (2019) 5, 055013

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

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

CLIC@350GeV (500/fb)

Figure 5: µt = �
BSM

t̄th
/�

SM

t̄th
as a function of µV = �

BSM

V V h /�
SM

V V h =
�
g
BSM

V V h /g
SM

V V h

�2
, where V = W,Z. for the

2HDM and N2HDM Type I and the CxSM (left) and for the 2HDM and N2HDM Type II and the NMSSM
(right) for 1.4 TeV.

Figure 6: Same as Fig. 5, but after imposing the constraints on the Higgs couplings from CLIC@350GeV.

Finally, Fig. 6 is the same as Fig. 5 with the extra constraint of imposing the bounds coming
from the CLIC@350GeV run. The results from the 350 GeV run turn out to be so restrictive
that the allowed parameter space is heavily reduced in all models. In particular, all points of the
NMSSM are excluded, considering that the measurements have the SM central values and no
new physics was found 7. The behaviour is very similar for all models and in this case a deviation
from the SM expectation could exclude some models. However, since we are already at the %
level electroweak radiative corrections would have to be taken into account for the di↵erent
models. Note that because e

+
e
� ! t̄th (for which both Yukawa couplings and Higgs gauge

couplings contribute) is not kinematically allowed for 350 GeV, the study of the correlations
between this process and associated or W -fusion cross sections (for which only Higgs gauge
couplings contribute) can only be performed for 1.4 TeV.

7Note that the SM-like limit is only attained for vanishing singlet admixtures.

16

Figure 5: µt = �
BSM

t̄th
/�

SM

t̄th
as a function of µV = �

BSM

V V h /�
SM

V V h =
�
g
BSM

V V h /g
SM

V V h

�2
, where V = W,Z. for the

2HDM and N2HDM Type I and the CxSM (left) and for the 2HDM and N2HDM Type II and the NMSSM
(right) for 1.4 TeV.

Figure 6: Same as Fig. 5, but after imposing the constraints on the Higgs couplings from CLIC@350GeV.

Finally, Fig. 6 is the same as Fig. 5 with the extra constraint of imposing the bounds coming
from the CLIC@350GeV run. The results from the 350 GeV run turn out to be so restrictive
that the allowed parameter space is heavily reduced in all models. In particular, all points of the
NMSSM are excluded, considering that the measurements have the SM central values and no
new physics was found 7. The behaviour is very similar for all models and in this case a deviation
from the SM expectation could exclude some models. However, since we are already at the %
level electroweak radiative corrections would have to be taken into account for the di↵erent
models. Note that because e
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e
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couplings contribute) can only be performed for 1.4 TeV.

7Note that the SM-like limit is only attained for vanishing singlet admixtures.
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If no new physics is discovered and the measured values 
are in agreement with the SM predictions, the singlet and 

pseudoscalar components will be below the % level.

Beware of radiative corrections.

How will it look in the future?
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How will it look in the future?

ΨC2HDM
i = R2

i3 C2HDM - pseudoscalar component.

Unitarity ⇒ κ2
ZZ,WW + Ψi(Σ1) ≤ 1

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

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

13Azevedo, Ferreira, Mühlleitner, RS, Wittbrodt, PRD99 (2019) 5, 055013
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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

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

Season finale - combination of 3 decays as a sign of CP-violation



The Yukawa Couplings

pp → h → τ+τ−

pp → ht̄t
Done!

15

Season 2



pp → (h → γγ)t̄t

Great first episode - first appearance of a constraints on the top CPV angle!  

All measurements are consistent with the SM expectations, and the possibility of a pure CP-
odd coupling between the Higgs boson and top quark is severely constrained. A pure CP-odd 
coupling is excluded at 3.9σ, and |α| > 43° is excluded at 95% CL.

ℒCPV
t̄th = −

yf

2
t̄(κt + iκ̃tγ5) t h

ATLAS collaboration, PRL 125 (2020) 6, 061802

κt = κ cos α

κ̃t = κ sin α

16
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CMS Preliminary 137 fb°1 (13 TeV)

ki = 1, k̃i = 0 8 i 6= t

G = G(kt , k̃t)
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Best fit
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Mixing angle between CP-even and CP-odd τ Yukawa couplings measured 4 ± 17º, compared to 
an expected uncertainty of ±23º at the 68% confidence level, while at the 95% confidence 
level the observed (expected) uncertainties were ±36º (±55)º.  
Results compatible with SM predictions.

pp → h → τ+τ− ℒCPV
τ̄τh = −

yf

2
τ̄(κτ + iκ̃τγ5) τ h

CMS collaboration, CMS-PAS-HIG-20-006
ϕττ = α 17

And also the first appearance of the tau CPV angle!  



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

Signal: we consider the tt fully 
leptonic (but could add the or 
semi-leptonic case) and H -> bb

Background: most relevant is the 
irreducible tt background

pp → Ht̄t

Can we get something of the same order with H->bb?

ℒHt̄t = −
yt

2
t̄(a + ibγ5)th
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Gunion, He, PRL77 (1996) 5172 

Boudjema, Godbole, Guadagnoli, Mohan,   
Phys.Rev.D 92 (2015) 1, 015019 

Amor dos Santos  eal PRD96 (2017) 013004  
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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. There are many operators that can 
distinguish CP-even and CP-odd parts. 

Like a good port wine!



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

luminosity LHC?

Azevedo, Gonçalo, Gouveia, Onofre, TOP2018 arxiv:1902.00298 

100 200 300 1000 2000 10000
)-1Integrated luminosity (fb

0.6

0.8

1C
on

fid
en

ce
 L

ev
el

=0.9αcos =0.8αcos

=0.7αcos =0.6αcos

=0.5αcos =0.4αcos

=0.3αcos =0.0αcos

95%

dilepton
)t(t,ηΔusing 

 exclusionαcos

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

20

rates at 20% (green), 5% (red) 
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We are testing several variables, combining them, to improve the bounds

Azevedo, Capucha, Gouveia, Onofre, RS, work in progress 

Preliminary! - 
The plug plot

∝ (aκ2
t − bκ̃2

t ) ∝ (aκ2
t + bκ̃2

t )

Asymmetries - 
less systematics
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Azevedo, Capucha, Gouveia, Onofre, RS, work in progress 

Preliminary!

k′
 =

k2
+

k̃2
k′

 =
k2

+
k̃2

αt (rad)

αt (rad)

σt̄tϕ = κ2 σt̄th + κ̃2 σt̄tA

More shapes? 
Mileo , Kiers , Szynkman , Crane, Gegner, JHEP 07 (2016) 056 
Ellis, Hwang, Sakurai, Takeuchi, JHEP 04 (2014) 004



Can we use the idea for bbh?

to each of the observables under study, were defined according to [20]

A
Y

FB =
�(xY > x

0
Y
)� �(xY < x

0
Y
)

�(xY > x
0
Y
) + �(xY < x

0
Y
)
, (2.4)

where �(xY > x
0
Y
) and �(xY < x

0
Y
) correspond to the total cross section for xY above and

below x
0
Y
. The latter being the central value of the xY domain.

The reason these distributions allow us to probe the CP-nature of a scalar in the t̄t� coupling
lies ultimately in the behaviour of the cross section as a function of the particle’s CP. In fact,
as discussed in [18], the amplitude for the process pp ! t̄t� has two terms: one that does not
depend on the angle ↵ and another one that is proportional to cos 2↵. Hence, only the latter is
sensitive to a CP-odd component of the Yukawa coupling. This term is proportional to the top
quark mass and therefore its contribution is important as long as the Higgs mass is of the same
order of magnitude. One could ask if the process pp ! b̄b� could be used to probe the Yukawa
structure of the b̄b� vertex. The answer is clearly negative because the interference term is now
proportional to m

2
b
, that is, at least three orders of magnitude smaller. In the left panel of
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Figure 1: Parton level b4 distributions at NLO, normalized to unity, for m� = 125 GeV (left) and m� = 10 GeV
(right). Only events with pT (b) > 20 GeV and |⌘(b)| < 2.5 were selected, with pT and ⌘ being the transverse
momentum and the pseudo-rapidity, respectively.

Figure 1, we present the b4 distribution, at parton level, for the process pp ! b̄b� for m� = 125
GeV. In blue, we present the pure scalar case while in red we show the pure pseudoscalar one.
As expected no di↵erence is found in the distributions. We have checked that the distributions
of all other angular variables follow the same trend and again no di↵erence was seen. Finally we
repeated the procedure for a very light scalar, with a mass of m� = 10 GeV, with similar null
results as we show on the right side of the same figure.

Let us go back to the t̄t� vertex to study the dependence of the asymmetries with the scalar
mass. In Figure 2, we present the total cross section, for a CoM energy of 13 TeV at the LHC,
for the process pp ! t̄tH (blue) and pp ! t̄tA (red) as a function of the scalar mass.

The fact that the interference term is much larger compared to the bb̄� case means that
CP-discrimination between the di↵erent CP-components of the Higgs is now possible. Figures 3
and 4 show the b2 and b4 distributions for tt̄H and tt̄A events with di↵erent masses, computed in
the LAB and in the CoM frame of the tt̄� system, respectively. They are shown at parton level
without any cuts. Next-to-leading order (NLO) corrections and shower e↵ects (NLO+shower)
are also included. Clear di↵erences are now visible between the scalar and pseudoscalar signals,
and also between the distributions computed in the LAB and in the CoM frame.

3

The answer is no - the reason is that the interference term is 
proportional to the quark mass. We have tried with bb and single b 

production.

Not even for very light scalar.

Azevedo, Capucha, Onofre, RS, JHEP06 (2020) 155.
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These are the best possible results - we assume a CP-even scalar with SM-like 
coupling modified by the factor 𝜅t only. Now what can we say for a simple model like 

the C2HDM with these results?

Finally the search for low/high mass scalars

several angular distributions to be studied. In section 3 we present and discuss our results. Our
conclusions are presented in section 4.

2 Theoretical limitations on asymmetries measurements

The most general Yukawa interaction of a scalar � with no definite CP to a top quark pair
can be written as

L = tytt̄(cos↵� i�5 sin↵)t� , (2.2)

where yt is the SM Yukawa coupling, t parametrises the total coupling strength relative to the
SM and the angle ↵ parameterizes the CP-phase and is related to the parameters in the Higgs
potential. We will refer to � = H for the pure CP-even scenario and � = A for the pure CP-odd
case. The pure CP-even case is recovered by setting cos↵ = ±1 while the pure CP-odd case is
obtained by fixing cos↵ = 0.

In previous works [18–21] several angular variables were proposed, not only to increase the
sensitivity in discriminating signals from irreducible backgrounds at the LHC in t̄t� final states,
but also as a means to probe the CP nature of the Yukawa coupling in t̄t� production at the
LHC. The results in [20, 21] showed that we can define a minimal set of variables to obtain
the best possible sensitivity, to achieve both goals in a very e↵ective way. While these studies
assumed a mass of 125 GeV for the � boson, in this paper we extend their use to a wider mass
range, from 40 GeV to 500 GeV. This is discussed in the following sections.

2.1 tt̄H and tt̄A angular distributions

A first set of variables are introduced [20] using ✓X
Y
, defined as the angle between the direction

of the Y system (in the rest frame of X) and the direction of the X system (in the rest frame
of its parent system). When reconstructing the signal angular distributions, we take the decay
chain starting with the tt̄� system, labeled (123), that goes through successive two-body decays
i.e., (123) ! 1+(23), (23) ! 2+(3) and (3) ! 4+5. We then build three families of observables:
f(✓1231 )g(✓34), f(✓

123
1 )g(✓233 ) and f(✓233 )g(✓34), with f, g = {sin, cos}. The momentum direction of

the (123) system is measured with respect to the laboratory (LAB) frame, where the net 3-
momentum of the protons colliding is zero. Particles 1 to 3 are either the t or the t̄ quark, or
the Higgs boson, while particle 4 can be any of the products of the decay of the top quarks and
the Higgs boson, including the intermediate W bosons. We use two ways of computing particle
four’ Lorentz vector in the centre-of-mass (CoM) of particle 3. One is by using the laboratory
four-momentum of both particles 3 and 4 to boost particle 4 to the CoM frame of particle 3
(direct boost), and the other is to boost particles 3 and 4 sequentially through all intermediate
CoM systems until particle 4 is evaluated in the CoM frame of particle 3 (sequential boost or
seq. boost).

We will also use the variables b2 and b4 as defined in [18, 31] in the LAB and tt̄� CoM
systems,

b2 = (~pt ⇥ k̂z).(~pt̄ ⇥ k̂z)/|~pt||~pt̄|, b4 = (pzt .p
z

t̄
)/(|~pt|.|~pt̄|), (2.3)

where the z-direction corresponds to the beam line. Forward-backward asymmetries associated
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Figure 18: Luminosity needed to exclude t at the 2� level for the pure CP-even case (scenario 1) for a mass of
40 GeV.

tan� � 10 (c2 = 0). With the same limit for t, in the remaining two scenarios the bound on
the parameters is s1  1/10 (s2 = 0) and s2  t�/10 (s1 = 0). In figure 18 we present the
luminosity needed to exclude t at the 2� level for the pure CP-even case for a mass of 40 GeV.
Note that this is the most favourable scenario for discovery (and for exclusion). As can be seen
the value of t attainable is close to 0.3 by the end of the LHC run. However, because this is a
study with just the fully leptonic final state one can expect to reach values of t of the order of
1/10.

The next question to ask is what are the constraints on the parameter space in scenarios
where one is either close to CP-even or to the CP-odd scenario. In figure 19 we present the
allowed points in the C2HDM parameter space ( c1 vs. s2) if a measurement of t and sin↵ is
in the ranges 0  t  1.2 and 0.1  sin↵  0.2. We also force 1  tan�  10. In the left plot
we see the variation with t, in the middle with sin↵ and on the right with tan�. This is the
case where we are close to the CP-even limit. In figure 20 we now present the scenario when
we are close to CP-odd, that is, 0.8  sin↵  0.9. The most striking point is that although in
each case we are closer to one of the limits, CP-even or CP-odd, the allowed parameter space is
quite large and we clearly need some other sources of measurement to constraint the parameter
space.

22

Figure 2: Total cross section for the process pp ! t̄tH (blue) and pp ! t̄tA (red) as a function of the scalar mass.

In order to study the CP-sensitivity as a function of the scalar mass, forward-backward
asymmetries of some variables were computed for each CP-value. The variables are

• X = b2,

• X = b4,

• X = sin ✓t̄t�
�

,

• X = sin ✓t̄t�
t

sin ✓�
W+ (with sequential boost).

The results are shown in Figure 5. As hinted by the behaviour of the cross sections, for
large enough Higgs masses the di↵erence between CP-even and -odd distributions disappears.
This behaviour was confirmed for all variables. Nevertheless, the exact mass value for which the
di↵erence becomes negligible depends on the variable chosen. The maximum value of the scalar
mass for which a meaningful di↵erence between distributions exists is 400 GeV.

3 Results and Discussion

3.1 Generation of events

Signal events of pp ! tt�, with � = H,A, were generated using MadGraph5 aMC [32] at
NLO precision with the Higgs characterization model, HC NLO X0 [33]. Pure CP-even and odd
samples were generated by setting the model parameter cos↵ = 1 or 0, respectively, following
Equation 2.2 with t = 1. The CP-even/odd scalar boson is set to decay to a pair of b-quarks.
The tt̄ system decays to a pair of b-quarks and two intermediary W

± gauge bosons which, in
turn, decay to two charged leptons and two neutrinos. The final partons, at the Monte-Carlo
(MC)/parton level, are two oppositely charged leptons, two neutrinos and two bb̄ quark pairs.
This configuration defines the dileptonic channel.

In addition to signal samples, Standard Model (SM) background events are also generated
using MadGraph5 aMC. The dominant background, tt̄bb̄, a pair of top- and b-quarks, and tt̄HSM ,
the associated production of top-quarks with the SM Higgs (mH = 125 GeV), are generated at
NLO. These two backgrounds lead to the same partonic final state as the signal. The remaining
backgrounds considered are:

4

L ∝
1
κ4

t

Azevedo, Capucha, Onofre, RS, JHEP06 (2020) 155.
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Experimentally we obtain a limit on 𝜅t. For this model the maximum value of 𝜅t is √2 (due to 
already known constraints on tan𝞫). The bound on 𝜅t translates in a bound on the angles.

Interpretation in the framework of the C2HDM 
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of its parent system). When reconstructing the signal angular distributions, we take the decay
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1 )g(✓233 ) and f(✓233 )g(✓34), with f, g = {sin, cos}. The momentum direction of

the (123) system is measured with respect to the laboratory (LAB) frame, where the net 3-
momentum of the protons colliding is zero. Particles 1 to 3 are either the t or the t̄ quark, or
the Higgs boson, while particle 4 can be any of the products of the decay of the top quarks and
the Higgs boson, including the intermediate W bosons. We use two ways of computing particle
four’ Lorentz vector in the centre-of-mass (CoM) of particle 3. One is by using the laboratory
four-momentum of both particles 3 and 4 to boost particle 4 to the CoM frame of particle 3
(direct boost), and the other is to boost particles 3 and 4 sequentially through all intermediate
CoM systems until particle 4 is evaluated in the CoM frame of particle 3 (sequential boost or
seq. boost).

We will also use the variables b2 and b4 as defined in [18, 31] in the LAB and tt̄� CoM
systems,
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where si = sin↵i, ci = cos↵i (i = 1, 2, 3), and

�⇡/2 < ↵1  ⇡/2, �⇡/2 < ↵2  ⇡/2, �⇡/2 < ↵3  ⇡/2. (4.11)

The Higgs boson masses are ordered such that mH1  mH2  mH3 . In the C2HDM, there are
four types of Yukawa models. However, the top Yukawa couplings are the same in all four types
and therefore this discussion is valid for all types. The Yukawa Lagrangian for the up quarks in
all four types has the form
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where  f denotes the fermion fields with mass mf and i is the scalar index.
What we want to understand now is what can be concluded for the parameter space of

this specific model once we have either a measurement or an exclusion for a given mass (and
luminosity). We will just analyse a simple situation where the 125 GeV Higgs is H2 and the
lightest Higgs is H1, with a mass below 125 GeV. We start by mapping equation 4.12 into
equation 2.2., 8
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The values of t and ↵ are free to vary in their allowed range (taking into account available
theoretical and experimental constraints) because no scalar was found below 125 GeV. Let us
start by noting that sin↵ = 0 and sin↵2 = 0 are equivalent. This means that the CP-even limit
is obtained unambiguously. The H1V V coupling, where V is a vector boson, is proportional to
cos↵2 which vanishes for ↵2 = ⇡/2.

What will be measured or constrained in the experiment is ↵ and t. Also, the limits in this
work were set for the pure scalar and pure pseudoscalar scenarios. For these scenarios we get

8
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>>:

cos↵ = 0 =) t =
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t�
(if s1 = 0) or t =

1

t�
(if c2 = 0)

sin↵ = 0 =) t =
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,

(4.14)

and a measurement or limit on t will set a limit on the parameters of the model. For the
particular scenario where c2 = 0 we obtain a limit on tan�. Because tan� is already constrained
to be above one by low energy physics measurements (see [17]) information can only be added
if we increase the limit. This is in fact the case, if the limit is for instance t  1/10 we get
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and a measurement or limit on t will set a limit on the parameters of the model. For the
particular scenario where c2 = 0 we obtain a limit on tan�. Because tan� is already constrained
to be above one by low energy physics measurements (see [17]) information can only be added
if we increase the limit. This is in fact the case, if the limit is for instance t  1/10 we get
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In the two CP-conserving  
limits we get

Model independent coupling

C2HDM parametrisation

Yukawa type independent

In the most general scenario (CP not defined) how does the C2HDM parameter space 
looks like? And in particular what happens if we are close to the CP-even or to the CP-
odd scenario?
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“Facts are simple and facts 
are straight … Facts all 
come with points of view” 
- David Byrne



And so?

On the negative side even with high luminosity in can happen that the constraints will not 
look great when applied to a specific model like the C2HDM.

On the positive side if we measure a non-zero 𝝰 this implies a direct evidence of a CP-
violating interaction.
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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.

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

– 11 –

0 < cos α1 < 0.9

Figure 19: Points allowed in the plane c1 vs. s2 for 0.1  t  1.2 and 0.1  sin↵  0.2 and 1  tan�  10. In
the left plot we see the variation with t, in the middle with sin↵ and on the right with tan�.

Figure 20: Points allowed in the plane c1 vs. s2 for 0.1  t  1.2 and 0.8  sin↵  0.9 and 1  tan�  10. In
the left plot we see the variation with t, in the middle with sin↵ and on the right with tan�.
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0 < sin α2 < 0.4

Where we are in the  
125 GeV Higgs.

27



The Higgs Coupling to gauge 
bosons

28



Present results

ℒhZZ = κ
m2

Z

v
hZμZμ +

α
v

hZμ∂α∂αZμ +
β
v

hZμνZμν +
γ
v

hZμνZ̃μν

Only term in the C2HDM (and SM!) at tree-level

iΓμν
hWW = i(g2mw) gμν (1 + aW −

bW1

m2
W

(k1 . k2)) +
bW2

m2
W

kν
1 kμ

2 +
cW

m2
W

ϵμνρσk1ρ . k2σ)

aW+W−

3

aW+W−
1

= cW ∈ [−0.81, 0.31]

CP numbers of the discovered Higgs (WWh and ZZh) 

CMS collaboration, PRD100 (2019) 112002.

ATLAS collaboration, EPJC 76 (2016) 658.

ℳ(hW+W−) ∼ aW+W−

1 m2
Wϵ*W+ϵ*W− + aW+W−

3 f *+
μν f̃ *− μν

Term coming from a CPV operator. 
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Effective Lagrangian (CMS notation)

aW+W−

3

aW+W−
1

= cW ∈ [−0.81, 0.31]

What are the experiments doing?

CMS collaboration, PRD100 (2019) 112002.
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Is it worth it?

Very complicated, so you estimate

The SM contribution arise from the CKM phase δ, and should therefore be proportional to 

the Jarlskog invariant J = Im(VudVcd
∗ VcsVcd

∗ ) = 3.00×10−5 . So, the CPV hW+W− vertex can 

only be generated at two-loop so that we have enough CKM matrix element insertions in 
the corresponding Feynman diagrams.  

SM estimate
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CCPV = 2
a W +W −

3

aW+W−
1the c2HDM

Is it worth it?

Starting with f=t and f’=b

We can now extract the operator for this case

And because f=b and f’=t can also contribute, the final result is

Using the bounds 
calculated before.

32

Huang, Morais, RS, JHEP 01 (2021) 168 



CCPV = 2
a W +W −

3

aW+W−
1The left-right symmetric model

Is it worth it?

Dekens, Boer, NPB889 (2014) 727

33

The effective operator coefficient for this case is

Using the constraint

Huang, Morais, RS, JHEP 01 (2021) 168 



Back to experiment

If indeed it is worth it, let us look at other processes 
to look for CP-violation in VVh

iΓμν
hWW = i(g2mw)[gμν (1 + aW −

bW1

m2
W

(k1 . k2)) +
bW2

m2
W

kν
1 kμ

2 +
cW

m2
W

ϵμνρσk1ρ . k2σ)]

Barrué, MSc thesis, 2020

34

Godbole, Miller, Mohan, White, JHEP 15 (2015) 4.

Barrué, Conde-Muiño, Dao, RS, work in progress

Pre-Preliminary!  
Slide from Ricardo 
Barrué MSc thesis.



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]

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
4 10×) a3φ cos(a3f

0

2

4

6

q

)H
SMΓ=HΓOn-shell + off-shell (

Only on-shell

 (13 TeV)-13000 fb

CMS Projection

w/ Run 2 syst. uncert.

68% CL

95% CL

1 2 3 4 5 6 7
 (MeV)HΓ

0

5

10

15

q

=0)
ai

w/ YR18 syst. uncert. (f

=0)
ai

w/ Run 2 syst. uncert. (f

=0)
ai

w/ Stat. uncert. only (f

 (13 TeV)-13000 fb

CMS Projection

68% CL

95% CL

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 future colliders

CMS PAS FTR-18-011

γ/κ = cz = 𝒪(10−2)
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The fraction as defined below is related to the effective coupling



Sensitivity projections for future colliders

"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)

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

 Therefore models such as the C2HDM may be within the reach of these 
machines. can be used to constraint the C2HDM at loop-level 36

The most comprehensive study for futures colliders so far was performed for the ILC. The work presents results 
are for polarised beams P (e−, e+) = (−80%, 30%) and two COM energies 250 GeV (and an integrated luminosity 
of 250 fb−1) and 500 GeV (and an integrated luminosity 500fb−1). Limits obtained for an energy of 250 GeV 
were cW

C P V ∈ [−0.321, 0.323] and cZ
C P V ∈ [−0.016, 0.016]. For 500 GeV we get cW

CP V ∈ [−0.063, 0.062] and 
cZ

CP V ∈ [−0.0057, 0.0057].

Ogawa, PhD Thesis (2018)



Dark sector and CP-violation
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But what if the three scalars are invisible?

Two doublets + one singlet and one exact Z2 symmetry

with the most general renormalizable potential 

V = m2
11 |Φ1 |2 + m 2

22 |Φ2 |2 +(AΦ†
1Φ2ΦS + h . c.)

+
λ1

2
(Φ†

1Φ1)2 +
λ2

2
(Φ†

2Φ2)2 + λ3(Φ†
1Φ1)(Φ†

2Φ2) + λ4(Φ†
1Φ2)(Φ†

2Φ1)

+
λ5

2 [(Φ†
1Φ2) + h . c . ] +

m2
S

2
Φ2

S +
λ6

4
Φ4

S +
λ7

2
(Φ†

1Φ1)Φ2
S +

λ8

2
(Φ†

2Φ2)Φ2
S

Φ1 =
G+

1

2
(v + h + iG0) Φ2 =

H+

1

2
(ρ + iη) ΦS = ρS

and the vacuum preserves the symmetry 

The potential is invariant under the CP-symmetry

Φ1 → Φ1, Φ2 → − Φ2, ΦS → − ΦS

ΦCP
1 (t, ⃗r ) = Φ*1 (t, − ⃗r ), ΦCP

2 (t, ⃗r ) = Φ*2 (t, − ⃗r ), ΦCP
S (t, ⃗r ) = ΦS(t, − ⃗r )

except for the term (AΦ†
1Φ2ΦS + h . c.) for complex A

Azevedo, Ferreira, Mühlleitner, Patel, RS, Wittbrodt, JHEP 1811 (2018) 091
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Dark CP-violating sector

The Z2 symmetry is exact - all particles are dark except the SM-like Higgs. The couplings 
of the SM-like Higgs to all fermions and massive gauge bosons are exactly the SM ones.  

The model is Type I - only the first doublet couples to all fermions  

The neutral mass eigenstates are 

h1

h2

h3

= R (
ρ
η
ρS)

h1, h2, h3

R =
c1c2 s1c2 s2

−(c1s2s3 + s1c3) c1c3 − s1s2s3 c2s3

−c1s2c3 + s1s3 −(c1s3 + s1s2c3) c2c3

But now how do we see signs of CP-violation? 

Missing energy signals are similar to some extent for all dark matter models. They need 
to be combined with a clear sign of CP-violation.

qq̄(e+e−) → Z* → h1h2 → h1h1Z

qq̄(e+e−) → Z* → h1h2 → h1h1h125

Mono-Z and mono-Higgs events.
39



8

Z1

Z2

Z3

hi

hj

hk

ei

ej

ek

mi

mj
mk

p1, µ

p2,↵

p3,�

FIG. 3: Feynman diagram contributing to the CP violating form factor fZ
4 .

regardless of the CP-nature of the particles involved. Therefore, these are not good processes to probe CP-violation
in the dark sector.

However, though CPV occurs in the dark sector of the theory, it can have an observable impact on the phenomenol-
ogy of the SM particles. A sign of CPV in the model – possibly the only type of signs of CPV which might be
observable – can be gleaned from the interesting work of Ref. [34] (see also Ref. [35]), wherein 2HDM contributions to
the triple gauge boson vertices ZZZ and ZW

+
W

� were considered. A Lorentz structure analysis of the ZZZ vertex,
for instance [55–58], reveals that there are 14 distinct structures, which can be reduced to just two form factors on
the assumption of two on-shell Z bosons and massless fermions, the o↵-shell Z being produced by e

+
e
� collisions.

Under these simplifying assumptions, the ZZZ vertex function becomes (e being the unit electric charge)

e�↵�µ

ZZZ
= i e

p
2
1 �m

2
Z

m
2
Z

h
f
Z

4

⇣
p
↵

1 g
µ� + p

�

1g
µ↵

⌘
+ f

Z

5 ✏
µ↵�⇢ (p2 � p3)⇢

i
, (16)

where p1 is the 4-momentum of the o↵-shell Z boson, p2 and p3 those of the remaining (on-shell) Z bosons. The
dimensionless fZ

4 form factor is CP violating, but the fZ

5 coe�cient preserves CP. In our model there is only one-loop
diagram contributing to this form factor, shown in Fig. 3. As can be inferred from the diagram there are three
di↵erent neutral scalars circulating in the loop – in fact, the authors of Ref. [34] showed that in the 2HDM with
explicit CPV (the C2HDM) the existence of at least three neutral scalars with di↵erent CP quantum numbers that
mix among themselves is a necessary condition for non-zero values for fZ

4 . Notice that in the C2HDM there are three
diagrams contributing to f

Z

4 – other than the diagram shown in Fig. 3, the C2HDM calculation involves an additional
diagram with an internal Z boson line in the loop, and another, with a neutral Goldstone boson G

0 line in the loop.
In our model, however, the discrete Z2 symmetry we imposed forbids the vertices ZZhj and ZG

0
hi (these vertices do

occur in the C2HDM, being allowed by that model’s symmetries), and therefore those two additional diagrams are
identically zero. In [34] an expression for f

Z

4 in the C2HDM was found, which can easily be adapted to our model,
by only keeping the contributions corresponding to the diagram of Fig. 3. This results in

f
Z

4 (p21) = � 2↵

⇡s
3
2✓W

m
2
Z

p
2
1 �m

2
Z

f123

X

i,j,k

✏ijk C001(p
2
1,m

2
Z
,m

2
Z
,m

2
i
,m

2
j
,m

2
k
) , (17)

where ↵ is the electromagnetic coupling constant and the LoopTools [59] function C001 is used. The f123 factor
denotes the product of the couplings from three di↵erent vertices, given in Ref. [34] by

f123 =
e1e2e3

v3
, (18)

where the ei,j,k (i, j, k = 1, 2, 3) factors, shown in Fig. 3, are related to the coupling coe�cients that appear in the
vertices Zhihj (in the C2HDM they also concern the ZG

0
hi and ZZhi vertices, cf. [35]). With the conventions of the

current paper, we can extract these couplings from Eq. (15) and it is easy to show that

f123 = (R12R21 �R11R22) (R13R31 �R11R33) (R23R32 �R22R33)

= R13R23R33 , (19)

where the simplification that led to the last line originates from the orthogonality of the R matrix. We observe that
the maximum value that f123 can assume is (1/

p
3)3, corresponding to the maximum mixing of the three neutral

components, ⇢, ⌘ and �S ⌘ s. This is quite di↵erent from what one expects to happen in the C2HDM, for instance –
there one of the mixed neutral states is the observed 125 GeV scalar, and its properties are necessarily very SM-like,

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

that comes from an effective operator (dim-6)

k̃ZZ

m2
Z

∂μZν∂μZρ∂ρZν

in our model it has the simple expression

f123 = R13R23R33

Combining h1h2Z; h1h3Z and h2h3Z

Gaemers, Gounaris, ZPC1 (1979) 259 

Hagiwara, Peccei, Zeppenfeld, Hikasa, 
NPB282 (1987) 253  

Grzadkowski, Ogreid, Osland, JHEP 05 (2016) 
025
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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

f Z
4 (gμα p2,β + gμβ p3,α) + . . .

With one Z off-shell ZZZ vertex has a CP-odd term

Combinations of three decaysh1 → ZZ( + )h2 → ZZ( + )h2 → h1Z

The typical maximal value for f4 seems to be below 10-4.
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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

– 12 –

PLOT from: Bélusca-Maïto, 
Falkowski, Fontes, Romão, 
Silva, JHEP 04 (2018) 002 

CPV in the triple gauge bosons couplings
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FIG. 4: The CP-violating fZ
4 (p21) form factor, normalized to f123, for mh1 = 80.5 GeV, mh2 = 162.9 GeV and mh3 = 256.9

GeV, as a function of the squared o↵-shell Z boson 4-momentum p21, normalized to m2
Z .

which implies that the 3⇥ 3 matrix R should approximately have the form of one diagonal element with value close
to 1, the corresponding row and column with elements very small and a 2⇥ 2 matrix mixing the other eigenstates4.
Within our model, however, the three neutral dark fields can mix as much or as little as possible.

In Fig. 4 we show, for a random combination of dark scalar masses (mh1 ' 80.5 GeV, mh2 ' 162.9 GeV and
mh3 ' 256.9 GeV) the evolution of fZ

4 normalized to f123
5 with p

2
1, the 4-momentum of the o↵-shell Z boson. This

can be compared with Fig. 2 of Ref. [34], where we see similar (if a bit larger) magnitudes for the real and imaginary
parts of f

Z

4 , despite the di↵erences in masses for the three neutral scalars in both situations (in that figure, the
masses taken for h1 and h3 were, respectively, 125 and 400 GeV, and several values for the h2 mass were considered).
As can be inferred from Fig. 4, f

Z

4 is at most of the order of ⇠ 10�5. For the parameter scan described in the
previous section, we obtain, for the imaginary part of fZ

4 , the values shown in Fig. 5. We considered two values of
p
2
1 (corresponding to two possible collision energies for a future linear collider). The imaginary part of fZ

4 (which,
as we will see, contributes directly to CP-violating observables such as asymmetries) is presented as a function of
the overall coupling f123 defined in Eq. (19). We in fact present results as a function of f123/(1/

p
3)3, to illustrate

that indeed the model perfectly allows maximum mixing between the neutral, dark scalars. Fig. 5 shows that the
maximum values for |Im(fZ

4 )| are reached for the maximum mixing scenarios. We also highlight in red the points
for which the dark neutral scalars hi have masses smaller than 200 GeV. The loop functions in the definition of fZ

4 ,
Eq. (17), have a complicated dependence on masses (and external momentum p1) so that an analytical demonstration
is not possible, but the plots of Fig. 5 strongly imply that choosing all dark scalar masses small yields smaller values
for |Im(fZ

4 )|. Larger masses, and larger mass splittings, seem to be required for larger |Im(fZ

4 )|. A reduction on the
maximum values of |Im(fZ

4 )| (and |Re(fZ

4 )|) with increasing external momentum is observed (though that variation is
not linear, as can be appreciated from Fig. 4). A reduction of the maximum values of |Im(fZ

4 )| (and |Re(fZ

4 )|) when
the external momentum tends to infinity is also observed.

The smaller values for |Im(fZ

4 )| for the red points can be understood in analogy with the 2HDM. The authors of
Ref. [34] argue that the occurrence of CPV in the model implies a non-zero value for the basis-invariant quantities
introduced in Refs. [60, 61], in particular for the imaginary part of the J2 quantity introduced therein. Since Im(J2)
is proportional to the product of the di↵erences in mass squared of all neutral scalars, having all those scalars with
lower masses and lower mass splittings reduces Im(J2) and therefore the amount of CPV in the model. Now, in our
model the CPV basis invariants will certainly be di↵erent from those of the 2HDM, but we can adapt the argument to

4
Meaning, a neutral scalar mixing very similar to the CP-conserving 2HDM, where h and H mix via a 2⇥ 2 matrix but A does not mix

with the CP-even states.
5
For this specific parameter space point, we have f123 ' �0.1835.

The form factor f4 normalised to f123 for 
m1=80.5 GeV,  m2=162.9 GeV and m3=256.9 GeV 
as a function of the squared off-shell Z-boson 
4-momentum, normalised to mZ2.

But the bounds we have from present measurements by ATLAS and CMS, show that 
we are still two orders of magnitude away from what is needed. 

−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.
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Conclusions

⊙    Higgs and fermions - two ongoing direct measurements of Yukawa 
couplings - with top-quarks in the production and with tau-leptons 
in the decays. The other Yukawas are measured indirectly by the 
total rates. EDMs play a major role. 

⊙  Higgs and gauge bosons. CP-violating terms appear at the 2-loop 
level in the SM but at 1-loop in many other extensions. 
Coefficients are small but reachable in the (near?) future. 

⊙  Invisible Higgs. If there is some invisible CPV around, perhaps it can 
be measured indirectly - like in anomalous triple gauge bosons 
couplings. 

⊙  The end of season 2 is coming with stunning revelations! 
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The End

44



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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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) 
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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. One of 
the best operators 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
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CP - what have ATLAS and CMS measured so far?

Correlations in the momentum distributions of leptons produced in the decays

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

Conclusions:  
a) If h is a CP-eigenstate it is not (really not!) cp-odd 

b) Some Yukawa couplings are finally being directly probed 
c) effective lagrangian for hvv also probed

More correlations in the momentum distributions

How large can the pseudoscalar component in the Yukawa couplings

pp → ht̄t
pp → h → τ+τ−

pp → hV → τ+τ−jj
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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, TOP2018 arxiv: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
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Interpretation in the framework of the C2HDM 

Figure 19: Points allowed in the plane c1 vs. s2 for 0.1  t  1.2 and 0.1  sin↵  0.2 and 1  tan�  10. In
the left plot we see the variation with t, in the middle with sin↵ and on the right with tan�.

Figure 20: Points allowed in the plane c1 vs. s2 for 0.1  t  1.2 and 0.8  sin↵  0.9 and 1  tan�  10. In
the left plot we see the variation with t, in the middle with sin↵ and on the right with tan�.
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Figure 19: Points allowed in the plane c1 vs. s2 for 0.1  t  1.2 and 0.1  sin↵  0.2 and 1  tan�  10. In
the left plot we see the variation with t, in the middle with sin↵ and on the right with tan�.

Figure 20: Points allowed in the plane c1 vs. s2 for 0.1  t  1.2 and 0.8  sin↵  0.9 and 1  tan�  10. In
the left plot we see the variation with t, in the middle with sin↵ and on the right with tan�.
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