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Abstract
CP violation in the Higgs couplings to fermions is an intriguing, but not yet ex-

tensively explored possibility. We use inclusive and differential LHC Higgs boson mea-
surements to fit the CP structure of the Higgs Yukawa couplings. Starting with simple
effective models featuring CP violation in a single Higgs–fermion coupling, we probe
well-motivated models with up to nine free parameters. We also investigate the comple-
mentarity of LHC constraints with the electron electric dipole moment bound, taking
into account the possibility of a modified electron Yukawa coupling, and assess to
which extent CP violation in the Higgs–fermion couplings can contribute to the ob-
served baryon asymmetry of the universe. Even after including the recent analysis of
angular correlations in H → τ+τ− decays, we find that a complex tau Yukawa coupling
alone may be able to account for the observed baryon asymmetry, but with large un-
certainties in the baryogenesis calculation. A combination of complex top and bottom
quark Yukawa couplings yields a result four times larger than the sum of their separate
contributions, but remains insufficient to account for the observed baryon asymmetry.
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1 Introduction
In 2012 the ATLAS and CMS collaborations discovered a new particle whose production
and decay rates are consistent with the predictions for the Higgs boson of the Standard
Model (SM) with a mass of about 125 GeV [1–3] within the present theoretical and exper-
imental uncertainties. The latter amount to roughly 20% for the most important produc-
tion/decay rates of the detected state [4, 5]. While so far no conclusive signs of beyond the
SM (BSM) physics have been found at the LHC, the measured properties of the signal as
well as the existing limits from the searches for additional particles are also compatible with
the predictions of a wide range of BSM scenarios. Consequently, one of the main tasks of
the LHC Run 3 as well as the High-Luminosity LHC (HL-LHC) is to probe the Higgs-boson
couplings and quantum numbers more thoroughly and with higher accuracy.

An important target in this context is to determine the CP structure of the Higgs-
boson couplings. The possibility that the observed Higgs boson is a pure CP-odd state
could be ruled out already based on Higgs boson decays to gauge bosons recorded during
Run 1 [6, 7]. These direct searches employed CP-odd observables for probing CP-violating
effects. However, experimental access to a possible CP admixture of the observed Higgs
boson requires a much higher precision. Various experimental and theoretical analyses have
been carried out in which the possibility of a CP-mixed state has been taken into account.
Experimental results became available mainly for the Higgs couplings to massive gauge
bosons and gluons, and to a lesser extent also for the Higgs–fermion couplings to top quarks
and tau leptons.
CP-violating effects in Higgs boson decays to gauge bosons were also investigated using

the “optimal observable method” [8]. This analysis has been updated with the first year of
the Run 2 data [9]. Anomalous Higgs couplings to massive gauge bosons were analyzed with
the first year of the Run 2 data in the Higgs decay to four leptons (H → 4`) [10] and in weak
boson fusion production followed by the decay H → τ+τ− [11], as well as via a comparison of
on- and off-shell production with H → 4` [12]. Using the full Run 2 data, CMS studied CP
violation and anomalous couplings in Higgs production and the decay H → 4` [13]. The CP
structure of the effective coupling of the Higgs boson to gluons was investigated by ATLAS
with the first year of the Run 2 data using the decay H → WW ∗ [14].

The experimental analyses described above were mainly based on observables involving
either the HZZ or the HW+W− coupling. However, even for the case where H would have a
relatively large CP-odd component, in many BSM models its effect in these couplings would
be heavily suppressed in comparison to the CP-even part. This is caused by the absence
of a tree-level coupling between a CP-odd Higgs boson and two vector bosons, yielding a
large loop suppression. On the other hand, for the Higgs–fermion couplings no such loop
suppression is expected. As a consequence, the effects of a CP-mixed state could manifest
themselves in the Higgs–fermion couplings in a much more pronounced way than in the
Higgs couplings to massive gauge bosons. A thorough experimental investigation of the
Higgs–fermion couplings is therefore crucial for assessing the Higgs CP properties.

A very significant progress in this direction was recently made with a CMS analysis based
on the full Run 2 data set [15], where the CP properties of the Higgs coupling to tau leptons
were investigated using angular correlations between the decay planes of the tau leptons [16–
18]. Furthermore, the CP structure of the Higgs coupling to top quarks was analyzed by
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effectively mixing CP-even and CP-odd observables based on the full set of Run 2 data in
the top quark associated Higgs production mode with decays to two photons [19, 20] and to
four leptons [13, 21].

The searches for a possible CP admixture of the observed Higgs boson described above
did not give rise to any evidence for CP-violating couplings, albeit with large experimental
uncertainties. In order to assess how well the CP properties of the observed Higgs boson
could be constrained on the basis of the experimental information available at that time,
global fits have been carried out. These fits involve indirect searches where CP-even observ-
ables, e.g. Higgs-boson production and decay rates, are measured and their sensitivity to
CP violation in the Higgs boson couplings is explored. Although these are powerful tests,
deviations from the SM predictions may also be caused by other BSM effects and so cannot
uniquely be associated with the presence of CP-violating effects. Early fits to a possible CP
admixture of the observed Higgs have been performed using Run 1 data (and partial Run 2
data), either investigating all Higgs-boson couplings [22, 23], or focusing on the Higgs-top
quark sector [24–26]. These analyses could set only very weak bounds on possible CP vi-
olation in the Higgs sector. In addition to early fits, many studies have been performed
investigating new observables and analysis techniques to constrain CP violation in the Higgs
sector at the LHC [18, 27–47]. A global fit to the CP structure of the Higgs–top quark cou-
pling was performed in Ref. [48], taking into account inclusive and differential Higgs boson
measurements from the ATLAS and CMS experiments. Future prospects for constraining
the CP-properties of the Higgs–top quark coupling at the HL-LHC were also investigated in
this context.

Information that can be obtained about the CP properties of the observed Higgs boson
has important implications for cosmology. Indeed, since the Cabbibo-Kobayashi-Maskawa
(CKM) matrix, which is the only source of CP violation in the SM (unless one allows for a
QCD phase, which is severely constrained experimentally), can only account for an amount
of the baryon asymmetry of the universe (BAU) that is many orders of magnitude smaller
than the observed one [49, 50], additional sources of CP violation must exist in nature. In the
attempt to account for this observational gap, several possibilities to generate a sufficiently
large BAU were analysed, for a recent review see Ref. [51]. One attractive possibility is
electroweak baryogenesis (EWBG) [52, 53] where the baryon asymmetry is produced during
the electroweak phase transition, which relates this mechanism to Higgs physics and makes
it potentially testable at colliders. While successful baryogenesis requires a modification of
the scalar potential in order to render the electroweak phase transition first order, in this
work we focus on the other necessary modification compared to the SM, namely providing
additional sources of CP violation via a CP-admixed Higgs boson.

On the other hand, electric dipole moment (EDM) measurements put severe experimental
constraints on the possible CP structure of the couplings of the Higgs boson to fermions.
The most stringent bounds on the electron EDM (eEDM) are currently set by the ACME
collaboration, |de| ≤ 1.1× 10−29 e cm [54]. Concerning the neutron EDM, the most stringent
bound has been obtained by the nEDM collaboration, finding that |dn| ≤ 1.8×10−26 e cm [55].
The experimental progress was accompanied by theoretical investigations for applying these
bounds to constrain the CP structure of the fermion Yukawa couplings. An early review
emphasizing the importance of EDMs in the analysis of CP-violating Higgs couplings can
be found in Ref. [56]. Bounds on CP-odd Higgs–top-quark couplings of O(0.5) were set in
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Ref. [57], see also Ref. [58]. First stringent bounds on the imaginary part of the Higgs-
electron coupling were derived in Ref. [59] based on the assumption of a SM-like top quark
Yukawa coupling. Including two-loop QCD corrections, bounds on CP violation in the Higgs
coupling to bottom and charm quarks were analyzed in Ref. [60]. One way to evade the
above-mentioned bounds are cancellations between various contributions to the EDMs. This
was explored, e.g., in the context of BAU for the electron EDM in the Two Higgs Doublet
Model (2HDM) in Ref. [61]. The interplay between LHC, EDM and BAU constraints on
complex Yukawa couplings has been investigated in Refs. [62–64] in the SM Effective Field
Theory (SMEFT) including operators of dimension six for the top quark, bottom quark,
tau and muon Yukawa couplings, and in Ref. [65] in the κ-framework for all fermions. The
emphasis of these papers was on predictions for the BAU, while the treatment of the LHC
bounds was performed in an approximate manner. Furthermore, Ref. [66] investigated CP
violation for EWBG in the SMEFT of up to dimension eight, and Ref. [67] provided CP-odd
flavor invariants in the general SMEFT at dimension six and their relation to collective CP
violation.

Making use of up-to-date experimental information, we investigate in the present paper
the question to which extent CP violation may be present in the couplings of the observed
Higgs boson to fermions, in particular to the top, bottom and charm quarks, as well as to
the charged leptons of all three generations. This extends the scope of the previous analysis
of Ref. [48], which focused specifically on the top quark Yukawa coupling and found that
on the basis of the available LHC data a significant CP-odd component in the top quark
Yukawa coupling was compatible with the experimental results.

In our present analysis, we also extend the scope of Refs. [62, 63, 65] by a more precise
and complete evaluation of the LHC constraints and by a variation of the electron Yukawa
coupling. Inclusive and differential Higgs-boson measurements as well as the recent CMS
H → τ+τ− CP analysis [15] are used to derive bounds on possible CP-violating couplings
to third and second generation fermions as well as to gauge bosons. These bounds are
complemented with limits from the most recent EDM measurements. Based on this analysis,
we investigate how much BAU can have been generated in the early universe, including the
possible interplay of CP violation in several Higgs–fermion couplings.

This paper is organized as follows. The framework for the evaluation of the constraints
in this work is the Higgs characterization model, summarized in Section 2.1. In Section 2.2,
we present the phenomenological effective models with an increasing number of free coupling
modifiers as well as their physics motivation from various concrete new physics (NP) models.
In Section 3.1, we discuss the LHC constraints and describe our sampling algorithm used
to perform the fits with HiggsSignals in the high-dimensional parameter space. We then
discuss the eEDM constraint in Section 3.2 and the prediction of the BAU in Section 3.3,
where in both cases we provide simple numerical formulas summarizing the different contri-
butions and highlight the approximations they are based on. Our results are presented in
Section 4: in Section 4.1, we analyze the LHC constraints on the different effective models in
detail before confronting them with the complementary eEDM bound and the corresponding
prediction for the BAU in Section 4.2. We conclude in Section 5. Details on the fit results
of models with a high number of free parameters are provided in Appendix A.
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2 Effective model description

2.1 Higgs characterization model

The basis of our investigation is the “Higgs characterization model”, a framework based
on an effective field theory (EFT) approach. This framework allows one to introduce CP-
violating couplings and to perform studies in a consistent, systematic and accurate way, see
e.g. Ref. [68]. The Yukawa part of the Lagrangian is modified with respect to the SM and
reads as

Lyuk = −
∑

f=u,d,c,s,t,b,e,µ,τ

ySM
f√
2
f̄ (cf + iγ5c̃f ) fH, (1)

where H denotes the Higgs boson field and f the fermion fields. The sum runs over all SM
fermions. The coupling ySM

f is the SM Yukawa coupling of the fermion f ; the parameter cf
parameterizes deviations of the CP-even Hff̄ coupling from the SM, for which cf = 1; the
parameter c̃f is used to introduce a CP-odd Hff̄ coupling, with c̃f = 0 in the SM.

In the literature, the modified Yukawa couplings are also often parameterized in terms
of an absolute value |gf | and a CP-violating phase αf ,

|gf | ≡
√
c2f + c̃2f , tanαf =

c̃f
cf
. (2)

In addition to modifications of the Yukawa Lagrangian, we also allow for an SU(2)L con-
serving modification of the Higgs interaction with massive vector bosons,

LV = cVH

(
M2

Z

v
ZµZ

µ + 2
M2

W

v
W+
µ W

−µ
)
. (3)

Here, Z andW are the massive vector boson fields with the massesMZ andMW , respectively,
and v ' 246 GeV is the Higgs vacuum expectation value. The SM interaction is rescaled by
the parameter cV , which is equal to one in the SM.1

We further include the following operators to parameterize the effect of additional BSM
particles affecting the Higgs production via gluon fusion and the Higgs decay into two pho-
tons,

LHgg,Hγγ = − 1

4v
H
(
−αs

3π
cgG

a
µνG

a,µν +
αs
2π
c̃gG

a
µνG̃

a,µν
)

− 1

4v
H

(
47α

18π
cγAµνA

µν +
4α

3π
c̃γAµνÃ

µν

)
, (4)

where Ga
µν and Aµν are the gluon and photon field strengths, respectively. Here αs =

g23/4π, where g3 is the strong gauge coupling, and α = e2/4π, where e is the elementary
1The Higgs interaction with massive vector bosons can also be modified by introducing additional non-

SM-like operators (e.g. ZµνZµνH, where Zµν is the field strength of the Z boson). However, we decided not
to include these operators to keep the focus on the Higgs interaction with fermions.
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electric charge.2 The parameters cg, c̃g, cγ and c̃γ parameterize these BSM effects in the
Higgs couplings to gluons and photons. The SM is recovered for cg = c̃g = cγ = c̃γ = 0.

The modifications of the Higgs production cross section via gluon fusion — parameterized
by κ2g ≡ σgg→H/σSM

gg→H — and of the Higgs decay width into two photons — parameterized
by κ2γ ≡ ΓH→γγ/ΓSM

H→γγ—, are calculated in terms of the other model parameters. While
we use analytical equations in our fit, which can be found e.g. in Ref. [22], we provide here
numerical formulas allowing to quickly assess the size of the different contributions,

κ2g = 1.11c2t + 2.56c̃2t − 0.12ctcb − 0.20c̃tc̃b + 0.01c2b + 0.01c̃2b

+ 1.04c2g + 2.34c̃2g + 2.15ctcg + 4.90c̃tc̃g − 0.11cbcg − 0.19c̃bc̃g, (5)
κ2γ = 0.08c2t + 0.18c̃2t − 0.002ctcb − 0.004c̃tc̃b

+ 4 · 10−5c2b + 4 · 10−5c̃2b − 0.002ctcτ − 0.003c̃tc̃τ

+ 6 · 10−5cbcτ + 6 · 10−5c̃bc̃τ + 2 · 10−5c2τ + 2 · 10−5c̃2τ
+ 1.62c2V − 0.71cV ct + 0.009cV cb + 0.009cV cτ

+ 0.64c2γ + 0.17c̃2γ − 0.45ctcγ + 0.35c̃tc̃γ

+ 6 · 10−3cbcγ − 3 · 10−3c̃bc̃γ + 6 · 10−3cτcγ − 3 · 10−3c̃τ c̃γ. (6)

Here we neglect the small dependencies on the first and second generation couplings. The
modifiers of the CP-even and CP-odd Higgs couplings to the fermions are parameterized
as ct, c̃t, cb, c̃b, cτ , c̃τ for top quark, bottom quark and tau lepton, respectively. In scenarios
where we do not assume cg = c̃g = 0 (cγ = c̃γ = 0), we directly float for convenience κg (κγ)
instead of cg, c̃g (cγ, c̃γ).

We illustrate the numerical size of these dependencies in Fig. 1. In the left panel, we
vary ct and c̃t keeping all other parameters fixed to their SM values. The gluon fusion cross
section is equal to its SM value alongside an ellipsis stretching to the left of the SM point
which can approximately be described by the equation c2t +9/4 c̃2t = 1. The gluon fusion cross
section is subject to relatively large deviations from its SM prediction even in case of small
deviations from the SM ellipsis. The dependence of κγ on ct and c̃t is less pronounced. While
κg only has a weak sensitivity to the sign of ct, κγ is very sensitive to it as a consequence of
the additional dependence on cV .

In the right panel of Fig. 1, the dependence of κg and κγ on cb and c̃b is displayed.
In comparison to the left panel, the variations of κg and κγ are much smaller for similar
variations of the coupling modifiers. The gluon fusion cross section can be enhanced by about
∼ 26% for a negative cb within the 2σ allowed region −1.23 ≤ |cb| ≤ −1.08 (see Section 4),
while the di-photon decay width is reduced in this region by ∼ 3%. The dependence of
the same quantities on c̃b is only at the sub-percent level. The dependence of the gluon
fusion cross section on cτ and c̃τ is zero to very good approximation. The dependence of
the di-photon decay width on cτ and c̃τ is even smaller than the dependence on cb and c̃b,
reaching maximally ∼ 1% in the parameter space 0.78 ≤ |cτ | ≤ 1.08, |c̃τ | ≤ 0.74 still allowed
experimentally at the 2σ level (see Section 4).

2The form of the operators and their prefactors (e.g. αs/3π) are identical to those induced at the loop
level in the SM when the top quark and the W boson are decoupled from the theory.
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Figure 1: κ2g and κ2γ as a function of (left) ct and c̃t and (right) cb and c̃b, with all other
parameters fixed to their SM values. The orange star denotes the SM point.

2.2 Phenomenological models

In order to disentangle the impact of the various experimental constraints and to adjust
the level of complexity in our analysis, we explore several simplified effective models with a
restricted number of free parameters. We summarize them in Table 1, starting with more
specific but simpler models with fewer free fit parameters before moving to more general
models with up to nine free parameters. Our models are intended as phenomenological
characterizations of the Higgs coupling structure and can be mapped onto concrete model
realizations, as discussed below. Besides the coupling modifications, exotic Higgs decays
into BSM states can occur if they are kinematically allowed. We will leave an investiga-
tion of this possibility to future work, but note that preliminary results are available in
Ref. [69]. We will use the following notation for common coupling modifiers: the common
quark modifier cq implies that all quark Yukawa couplings are modified equally, cqi ≡ cq with
qi = {u, d, c, s, t, b}, likewise for c̃q; analogously for the global lepton modifiers with cli ≡ cl
of the charged leptons li = {e, µ, τ} . Furthermore, we denote f3 ≡ {t, b, τ}, f2 ≡ {c, s, µ},
as well as qu = {u, c, t} and qd = {d, s, b}.

The 1-flavor model is the simplest case where only the Yukawa coupling of one fermion
is modified. This can be realized in models where the new physics (NP) is flavor-specific and
only affects one Higgs–fermion interaction, or the modifications of other couplings are sup-
pressed. Several models mainly affect the top quark, such as composite Higgs models [70,
71]. Here, the Higgs-dilaton potential enables a sufficiently strong first-order electroweak
phase transition and the CP violation enters via the top quark Yukawa coupling, thus lead-
ing to successful baryogenesis. Ref. [71] also considers CP violation in the charm quark
Yukawa coupling. A complex tau Yukawa coupling may play an important role for lepton-
flavored electroweak baryogenesis (see Section 3.3), and the recent CMS analysis [15] directly
probes its CP structure. Furthermore, in the Minimal Supersymmetric Standard Model large
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Model Free modifiers N Motivation Fig(s).

1-flavor cfa , c̃fa (1 fermion) 2 flavor-specific, simplest 2, 3, 9, 10

2-flavor cfa , c̃fa , cfb , c̃fb 4 interplay of 2 flavors 4, 5, 11, 12

quark cq, c̃q (all quarks) 2 NP in quark sector 6(b)

lepton cl, c̃l (all leptons) 2 NP in lepton sector 6(a)

quark–lepton cq, c̃q, cl, c̃l 4 NP specific to qs, ls 15

up–down–

lepton

cqu , c̃qu , cqd , c̃qd ,

cl, c̃l
6

2HDM-like distinguishing

up/down-type qs and ls
15

2nd/3rd gen. cf3 , c̃f3 , cf2 , c̃f2 4

NP per generation

recent sensitivity to

2nd gen. muon anomalies

17

fermion cf , c̃f (all fermions) 2
NP universal

in fermion sector
6(c), 13

universal
cf ≡ cV , c̃f

c̃V ≡ 0
2

mixing with a pseudoscalar

(apart from c̃V = 0)
7(a)

fermion+V
cf , c̃f , cV

c̃V ≡ 0
3

NP in fermion sector

+ gauge sector
7(b)

fermion-

vector
cf , c̃f , cV , κg, κγ 5

separate NP contr.

to fermions, to vectors,

and to loops

8

up-down-

lepton-vector

cqu , c̃qu , cqd , c̃qd ,

cl, c̃l, cV , κg, κγ
9

most general

considered here
18

Table 1: Sets of coupling modifiers that are floated simultaneously. Coupling modifiers
that are not listed in the second column are fixed to the SM values, cX = 1, c̃X = 0. The
notation of the fermion coupling modifiers is described in the text. The vector coupling
modifier is denoted as cV with V = W,Z, whereas κg and κγ are given by Eqs. (5)
and (6) unless they are listed as free parameters in the second column. The third column
summarizes the number N of free parameters. In the fourth column, we provide a brief
theory motivation behind each phenomenological model (see text for more details), while
the last column references the relevant figures in which the considered model is analyzed.

(possibly complex) corrections to the bottom quark Yukawa coupling, parameterized by a
quantity called ∆b, can arise especially for large values of µ and tan β [72–74]. Studying the
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muon Yukawa coupling is motivated by the observation of anomalies in its magnetic moment,
(g − 2)µ, and for bottom and strange quarks by the B-anomalies of b → s transitions, see
e.g. Refs. [75–77]. More generally, it can be motivated for all fermions to explore various
scenarios where lepton universality and lepton flavor are violated, see e.g. Refs. [78–81].
Therefore, we consider the 3rd-generation fermions, top quark, bottom quark, tau, and the
2nd-generation fermions, muon and charm quark, as well-motivated candidates for modified,
complex Yukawa couplings. We treat them separately in the 1-flavor, or jointly in the 2nd/3rd

generation model (see below). We do not consider the strange quark separately due to its
currently weak collider bounds [82–84] and its small contribution to baryogenesis [65].

The 2-flavor model takes the interplay of complex Yukawa couplings of two specific
fermions into account. As a theory realization, one can consider models where coupling
modifications are enhanced for two fermions compared to the remaining fermions while the
couplings of the latter are not required to be exactly those of the SM, but only to have
negligible modifications. The combination of two coupling variations allows for the (partial)
cancellation of the contributions of two different fermions to, e.g., an electric dipole moment.
Combinations of two fermions from the third generation lead to an interesting interplay in
the LHC constraints. Another relevant combination is to include the electron as one of the
selected fermions. Large variations of the electron Yukawa coupling including an imaginary
part can be realized e.g. in the 2HDM [85].

The quark model assumes that all quark couplings are modified universally. Such a
scenario can arise when new bosonic particles X couple universally to any quark in a loop
as a correction to the SM Yukawa coupling, e.g. in a triangle diagram to each hqq̄ vertex
containing one X and two quarks or two X and one quark. As the experimental constraints
on the Yukawa couplings of the top and bottom quarks are the tightest, in this model
the lighter quarks will be simultaneously constrained by the strong bounds on the third
generation, more strongly than if they were independent.

Likewise, the lepton model assumes a universal modification of all lepton Yukawa cou-
plings by New Physics that couples exclusively or dominantly to charged leptons while its
effects on the quarks (and neutrinos) is negligible. One possibility is a U(1)L extension of
gauged lepton number [86].

In contrast, in the quark-lepton model, we consider NP that affects quarks and leptons,
but separately. Here, models with several new particles coupling either to quarks or to
leptons, or with one new particle coupling differently to quarks and leptons are a possible
realization. An example of the latter case is the B − L extension of the SM by gauging
the difference of baryon (B) and lepton (L) number. As all quarks have the same charge of
zq = 1/3 under the new gauge group U(1)B−L and all leptons have zl = −1, the predicted
Z ′ boson couples more strongly to leptons than to quarks by a factor of −3. As the Z ′ can
modify the ll̄h and qq̄h vertices, this model motivates the separate fit of a quark and a lepton
Yukawa coupling modifier.

In the up-down-lepton model, the NP couples to the fermions according to their cate-
gory: up-type or down-type quarks, and charged leptons. This is inspired by the Two-Higgs
Doublet Model (2HDM) where — according to its type — all or two of these three categories
are summarized by shared Yukawa coupling modifiers. In the 2HDM, however, also the vec-
tor couplings are modified (albeit weaker than the couplings to fermions). Furthermore,
two instead of three independent fermion coupling modifiers would give tighter constraints.
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Nevertheless, this model can be considered as a prototype for more specific choices.
The 2nd/3rd generation model distinguishes changes of the Yukawa couplings in the

third generation from the second. This is motivated by scenarios where the NP couples
differently to each generation, possibly also to the first generation, but there is not sufficient
experimental sensitivity to the latter yet. Therefore we restrict the analysis to the heavier two
generations. In view of the muon and B-meson anomalies this setup is not only motivated
by theory, but also by recent data [78–81]. For example, a U(1)′ extension of the SM with
generation-dependent couplings [87] can account for several B-anomalies.

In the fermion model, all fermions are modified by the same coupling modifiers, see e.g.
Ref. [88] about universal Yukawa modifiers.

In the universal model, the real parts of the Higgs couplings to all fermions and the
vector bosons W,Z are varied universally. In addition, a universal imaginary Yukawa cou-
pling modifier is included as in the fermion model. This can be realized in the relaxion
framework [89] where the relaxion as a light pseudoscalar scans the Higgs mass and stops
its evolution at a local minimum of its potential that breaks CP . As a consequence, the
relaxion mixes with the Higgs boson [90–92], and the Higgs couplings to all fermions and the
massive vector bosons are reduced by the universal mixing angle cf = cV = cos θ. Further-
more, Minimal Composite Higgs models (MCHM, see e.g. Refs. [93–97]) predict the Higgs
couplings to vector bosons to be reduced by a factor of cV =

√
1− ξ, where ξ = v2/f 2 is

the squared ratio of the electroweak vacuum expectation value v and the scale f of global
symmetry breaking. The Yukawa coupling modifiers depend on the chosen symmetry break-
ing pattern; in the minimal composite Higgs model of SO(5)/SO(4) with the top part-
ner in the spinorial representation, denoted as MCHM4, also the Higgs–fermion couplings
are reduced by cf =

√
1− ξ [94]. Furthermore, in the Twin Higgs framework [98], the

coupling of the observed Higgs boson to SM particles is suppressed by a universal factor
cf = cV = cos

(
v√
2f
− θ
)
[99], where θ is the mixing angle between the observed and a heav-

ier Higgs boson and f is the energy scale that breaks the global SU(4) × U(1) symmetry.
Hence, there are several examples of a universal modifier model.

The fermion+V model, in contrast, distinguishes between universal modifiers for the
fermions f and vector bosons V . In addition, we allow for BSM contributions to the loop-
induced couplings of the Higgs bosons to gluons and photons. In the Minimal Composite
Higgs Model of SO(5)/SO(4) with the top partner in the fundamental representation, de-
noted as MCHM5, the Yukawa coupling modifiers are predicted to differ from cV (see above)
and are given by cf = 1−2ξ√

1−ξ [95, 96]. The fermion-vector model can also originate from the
Two-Higgs Doublet Model (2HDM) of Type I where all fermions couple to the second Higgs
doublet H2 such that the Yukawa couplings of the lighter neutral Higgs boson are modified
by cf = cosα/ sin β with respect to the SM Higgs boson. The couplings to vector bosons
are modified by cV = sin(α−β) where α is the mixing angle of the neutral Higgs states, and
tan β = v2/v1 is the ratio of the vacuum expectation values of the Higgs doublets.

The fermion-vector model extends the fermion+V model by additional modifiers for
Higgs production via gluon fusion and the Higgs decay into two photons. These can be used
to parameterize the effect of additional colored or electrically charged BSM states like the
top partner in the Minimal Composite Higgs Model.

The up-down-lepton-vector model is the most general model considered in this work.
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It allows one to vary the three types of fermion couplings as well as the real parts of the tree-
level coupling to the massive gauge bosons, and independently the loop-induced couplings
to gluons and photons.

3 Constraints
In this Section, we describe the different types of measurements used to constrain the models
introduced in Section 2.

3.1 LHC measurements and constraints

Included data In order to derive LHC constraints on CP-odd admixtures in the Higgs
couplings we fit Higgs boson rates as measured by ATLAS and CMS with a focus on those
involving fermions. We use the same set of observables as in Ref. [48] which includes in
particular the inclusive measurements of ttH in the multi-lepton [100–105], di-photon [19,
20, 106, 107] and bb decay channels [108–113] and the measurements for ZH production
in bins of Higgs transverse momentum (pT ) [106, 114, 115], which are sensitive to the CP
nature of the top quark Yukawa interaction.

We furthermore include the latest experimental results on H → µ+µ− [116, 117] and
H → cc̄ [118–120] measurements from ATLAS and CMS. The charm quark Yukawa coupling
has not been observed yet at the LHC, but the searches for H → cc̄ decays [118–120] in
the V H(cc̄) channel with charm tagging constrain |gc| < 8.5 at the 95% CL. This direct
limit includes the effect of a modified charm quark Yukawa coupling on the partial width
Γ(H → cc̄) as well as on the total Higgs width Γtot

h , see Eq. (8). Other measurements
involving the charm quark Yukawa coupling are not as sensitive to |gc| as the indirect bound
via BR(H → γγ)3. Finally, we add the CMS analysis of the CP structure of the tau
Yukawa coupling [15]. The CP analysis in the τ+τ− final state is the only measurement
targeting a Higgs–fermion coupling based on a dedicated CP-odd observable, where the CP-
violating phase ατ is directly inferred by measuring the angle between the decay planes of
the two tau leptons. It is included in the list of measurements by adding the χ2 contribution
corresponding to the data of Ref. [128]. We refer to these measurements as the “LHC data
set” in the following.

Several CP sensitive measurements could not be included such as the pT -binned STXS
measurement of ttH [129] as it relies on a separation of tH from tt̄H production based on
the assumption of SM-like kinematics. As shown in Ref. [48], this assumption does not hold
in the presence of a CP-odd Yukawa coupling. We also did not include analyses using full
Run 2 data fitting the rates of the tt̄H, tH and tWH processes in the Higgs to di-photon

3The upper bound on the exclusive decay of BR(H → J/ψγ) < 3.5 · 10−4 [121, 122] yields a limit of
|gc| < O(100) [123–125], i.e. an order of magnitude weaker than the limit from the inclusive Higgs decay
into charm quarks. A further possibility to determine the charm quark Yukawa coupling directly is the
charm-induced Higgs + jet production via the cross section measurement and the shape of the Higgs-pT
distributions [126]. The very recent ATLAS analysis [127] reports −10.1 < gc < 18.3. Although it has the
advantage of relying on different assumptions and uncertainties, it is not included in our fit because it is not
competitive with the indirect bound from the precise measurement of BR(H → γγ) which constrains |gc|
more strongly than the inclusive search due to the sensitivity to the total width modification, see Eq. (10).

11



decay channel [130, 131], as the data is not available in a sufficiently model-independent
format, see the discussion in Ref. [48].

In order to include the LHC constraints, we use HiggsSignals (version 2.5.0) [132–135]
which incorporates the available inclusive and differential Higgs boson rate measurements
from ATLAS and CMS from Run 2 [19, 100–113, 115, 136–140], as well as the combined mea-
surements from Run 1 [3]. On top of the channels currently implemented in HiggsSignals
we included the most recent results on H → cc̄, µ+µ−, τ+τ− [15, 116–120]4 as described
above.

The experimental measurements are implemented with correlation matrices and detailed
information about the composition of the signal in terms of the various relevant Higgs boson
production and decay processes. If this information is not available (e.g. in the recent CMS
H → τ+τ− CP study), the signal is assumed to be composed of the relevant Higgs processes
with equal acceptances, and only correlations of the luminosity uncertainty (within one
experiment) and theoretical rate uncertainties are taken into account. Further details on the
cross section calculations and the fit implementation can be found in [48].

Based on this large collection of measurements and the predicted cross sections for dif-
ferent parameter choices, HiggsSignals is used to determine favored regions in parameter
space by calculating the χ2 difference, ∆χ2 ≡ χ2 − χ2

min, with χ2
min being the minimal χ2

value found at the best-fit point. The parameter spaces are sampled using a combination of
two different types of Markov Chain Monte Carlo samplers. Alongside a common Metropolis
Hastings approach [141, 142], a realization of the Stretch Move Algorithm in Emcee [143, 144]
was used. We found this method to provide the best convergence behaviour. Furthermore,
it ensures that parameter spaces in which regions of high likelihood are either narrow or
separated by large potential barriers are sampled efficiently [69].

While for gluon fusion and the Higgs decay into two photons fit formulas are available at
leading-order (LO) in analytic form, this is not the case for other Higgs boson production
processes. For calculating cross-sections in the “Higgs characterization model” [29, 68, 145],
we use MadGraph5_aMC@NLO 2.7.0 [146] with Pythia 8.244 [147] as parton shower employ-
ing the A14 set of tuned parameters [148]. The cross-sections are computed at LO in the
five-flavor scheme and rescaled to the state-of-the-art SM predictions reported in Ref. [149].

Approximate dependences of branching ratios on coupling modifiers For an ar-
bitrary combination of Yukawa coupling modifications, but cV = 1, the branching ratios into
a pair of fermions ff̄ are given by5

BRf =
g2fΓ

SM
f∑

f ′ g
2
f ′Γ

SM
f ′ + ΓSM(H → V V ) + Γ(H → NP)

, (7)

where gf is defined in Eq. (2), and ΓSM
f = ΓSM(h→ ff̄) is the partial width in the SM, and

the sum over f ′ includes all fermions. Therefore, in the case of the modification of only one
Yukawa coupling of fermion f and no decay into new particles, the branching ratio into ff̄

4These additional measurements will be part of the upcoming HiggsSignals 3 release, which will be
part of the new HiggsTools framework.

5If the fermion mass is negligible in comparison to the Higgs boson mass, the corresponding Higgs boson
decay width is rescaled by g2f = c2f + c̃2f in comparison to the SM.
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can be expressed as

BRf =
g2fΓ

SM
f

g2fΓ
SM
f + ΓSM

tot − ΓSM
f

=
g2fBRSM

f

(g2f − 1)BRSM
f + 1

, (8)

where BRSM
f denotes the branching ratio in the SM and ΓSM

tot denotes the total Higgs width
in the SM. Hence, a particular measured value of the branching ratio, BRexp

f , yields a circle
in the cf , c̃f plane of squared radius

g2f ≡ c2f + c̃2f =
BRexp

f

BRSM
f

· BRSM
f − 1

BRexp
f − 1

. (9)

This results in rings corresponding to the upper and lower bound on BRexp
f if the constraints

are dominated by the decay rate information6, see Figs. 2 and 3.
Likewise, we consider the modification of one Yukawa coupling and its impact on the

H → γγ decay via the modification of the total Higgs width, i.e. the free coupling modifiers
cf , c̃f and κγ,

BRγ =
κ2γΓ

SM
γ

ΓSM
f (g2f − 1) + ΓSM

γ (κ2γ − 1) + ΓSM
tot

. (10)

Here. ΓSM
γ ≡ ΓSM(H → γγ) is the SM value of the partial width into a pair of photons. This

implies that g2f can be expressed as

g2f ≡ c2f + c̃2f = 1 +
1

BRSM
f

·
[
BRSM

γ ·
(

κ2γ
BRexp

γ

− (κ2γ − 1)

)
− 1

]
, (11)

where BRexp
γ ≡ BRexp(H → γγ) denotes the measured branching ratio of the Higgs boson

into photons, and BRSM
γ is its prediction in the SM. As discussed in Sec. 2.1, κγ can be

calculated as a result of cf , c̃f , see Eq. (6), it can be floated independently, or it can be set
to its SM value of 1. Unless κγ is treated as depending on cf , c̃f , Eq. (11) shows that also
the constraint from measuring BRγ = BRexp

γ leads to a circular ring in the cf , c̃f plane. If
one further assumes κγ = 1 (in case of a negligible contribution of the considered fermion f
to κγ), Eq. (11) can be simplified to

g2f

∣∣∣
κγ=1

= 1 +
1

BRSM
f

·
[

BRSM
γ

BRexp
γ

− 1

]
. (12)

6In the case of cV 6= 1, Eq. (9) generalizes to

g2f ≡ c2f + c̃2f =
BRexp

f

BRSM
f

· BRSM
f − 1 + BRSM

V (1− c2V )

BRexp
f − 1

.
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3.2 EDM constraint

Several EDMs are sensitive to the CP nature of the Higgs boson. The most sensitive ones
are the electron EDM (eEDM) and the neutron EDM (nEDM).7 Besides the experimental
results [54, 55], much work has been done to provide precise theory predictions [56–60, 150–
152].

The main focus of the present work are the LHC constraints. Therefore, we take into
account only constraints from the eEDM, which is theoretically the cleanest EDM. Since the
various EDMs are independent measurements, taking into account additional EDM measure-
ments (e.g. the nEDM) could potentially tighten the constraints on the Higgs CP nature.
Correspondingly, our EDM constraint, based only on the eEDM, can be regarded as conser-
vative.

The dominant contribution from CP-violating Higgs–fermion couplings to the eEDM
appear at the two-loop level in the form of Barr-Zee diagrams. For their evaluation, we
make use of the analytical results given in Refs. [57, 59, 150, 151].8 While we use the full
analytical expressions for our numerical analysis, these expressions can also be translated into
a simple numerical formula allowing to easily assess the relative importance of the various
CP-violating Higgs couplings,

de
dACME
e

= ce
(
870.0c̃t + 3.9c̃b + 2.8c̃c + 0.01c̃s + 8 · 10−5c̃u + 7 · 10−5c̃d + 3.4c̃τ + 0.03c̃µ

)
+ c̃e

(
610.1ct + 3.1cb + 2.3cc + 0.01cs + 7 · 10−5cu + 6 · 10−5cd + 2.8cτ + 0.02cµ

−1082.6cV )

+ 2 · 10−6cec̃e. (13)

Here, dACME
e = 1.1 · 10−29e cm is the 90% CL upper bound on the eEDM obtained by the

ACME collaboration [54]. Correspondingly, a parameter point is regarded as excluded at
the 90% CL if |de/dACME

e | > 1.
In general, the contributions of two or more particles to de can cancel each other, partially

or fully. Especially, Eq. (13) shows that a CP-violating top-Yukawa coupling can induce a
large contribution to the eEDM, depending on the value of |ce|. For a non-zero value of c̃e,
large additional contributions proportional to ct and cV can occur. As we will investigate
below (see also Ref. [61]), these two types of potentially large contributions can cancel
each other. Currently, the most constraining experimental bound on the electron-Yukawa
coupling is from the ATLAS Run 2 measurement [153] and yields ge ≤ 268 at 95% CL. Since
the current bound is too loose for meaningful fit results, we will restrict to the SM values
ce = 1, c̃e = 0 in the analyses presented in this work unless otherwise stated. On the other
hand, there exists no experimental lower bound on the electron-Yukawa coupling, and also
in the future it will remain very difficult to establish evidence of a non-zero electron Yukawa
coupling. Thus, in case ce and c̃e are very small, i.e. in particular if ce is much below the SM

7In Ref. [60] it has been shown in particular that the constraints on the bottom and charm quark coupling
modifiers cb, c̃b, cc, c̃c from the electron EDM are always significantly stronger than those from the neutron
and mercury EDMs (if the electron-Yukawa coupling is SM-like).

8In comparison to Ref. [150] (and also Ref. [64] which applied Ref. [150]), we corrected a factor of 1/
√

2.
It should also be noted that in comparison to Ref. [65], a relative sign between the contributions proportional
to ce and c̃e has been corrected.
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value, the BSM contributions to de would be heavily suppressed and therefore the impact of
the limit on the eEDM would be drastically reduced.9

3.3 BAU constraint

The baryon asymmetry in the universe, YB, was measured by PLANCK to be [154]

Y obs
B = (8.59± 0.08)× 10−11 . (14)

The description of the BAU requires additional sources for CP violation beyond the CKM
phase that is present in the SM. An attractive framework for explaining the BAU is elec-
troweak baryogenesis (EWBG), for reviews see e.g. Refs. [51, 53, 155, 156]. For EWBG a
non-vanishing baryon number density is achieved during the electroweak phase transition,
implying that the mechanism can potentially be tested with Higgs processes at the LHC. In
the phase transition, bubbles of the broken phase with v 6= 0 form, whereas the electroweak
symmetry is unbroken outside of the bubbles; the bubbles expand until the universe is filled
by the broken phase. Across the bubble wall, CP-violating interactions create a chiral asym-
metry that is partially washed out by the CP-even interactions and the sphalerons. A part
of the generated chiral asymmetry diffuses through the bubble wall into the symmetric phase
where it is converted into a baryon asymmetry by the weak sphaleron process. Then the
expanding bubble wall reaches the region where the baryon asymmetry was created, which
is then maintained in the broken phase.

While the experimental precision of the PLANCK measurement in Eq. (14) is around
1%, the theoretical uncertainties of predicting the BAU in different models of electroweak
baryogenesis are up to now much larger. The largest uncertainty can be associated with the
deviations between different approaches that are employed for calculating the source term
for the baryon asymmetry, namely the perturbative so-called vev-insertion-approximation
(VIA) [50, 157–161], and the semi-classical Wentzel-Kramer-Brillouin (WKB) approach [162–
168]. While both formalisms yield similar outcomes of the baryon asymmetry for an equiv-
alent source term, they largely differ in the calculation of the source term [169, 170]. For
a systematic comparison of both approaches see in particular Ref. [170]. The perturbative
approach starts with Green’s functions in a Closed Time Path formalism. The interaction
rates and the CP-violating source term are computed from the self-energies, and the vev-
dependent contributions to the particle masses are included as a perturbation. In contrast,
the WKB approach starts with the Boltzmann equations, and the interactions are described
as semi-classical forces in the plasma. There is a long-standing controversy in the literature
about which approach to apply. Recent studies have shown that the VIA leads to system-
atically higher predictions of the amount of the baryon asymmetry due to an additional
derivative in the WKB source term [169–171]. This has been evaluated for a source term
from a complex tau Yukawa coupling with an additional singlet scalar term of dimension 5
and a maximal relative CP-violating phase between the terms of dimension 4 and 5. The
evaluation furthermore assumed the benchmark value of the wall velocity of vw = 0.05 (as

9It should be noted that in our effective model approach the limit ce = c̃e = 0 would not imply that the
electron mass is zero. While this is true e.g. in the SM effective field theory of dimension six, it is not true
if additionally dimension-eight operators are taken into account.
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used in our work), and a wall thickness of Lw = 5/T with T = 88 GeV (i.e. about half of the
value adopted in our work, Lw = 0.11 GeV−1). Using these parameters Ref. [170] reports a
discrepancy of about five orders of magnitude between the VIA and WKB approach. For
a charm quark source, the discrepancy is found to be around one order of magnitude. The
discrepancy for a top quark source was found to reach a factor of 10 – 50 depending on
vw and Lw [169]. Furthermore, the applicability of the VIA depends on the width of the
bubble wall [172]. Another recent study [171] stresses the impact of thermal corrections at
the one-loop level, raising concerns about the validity of the VIA because of an apparently
vanishing source term, but also pointing to potential open issues in the WKB approach.

Besides the large differences between the VIA and WKB approaches, which we treat as
a theoretical uncertainty, there are also smaller theoretical uncertainties that are inherent to
the individual approaches. We comment here on the case of the VIA approach. Theoretical
uncertainties of this kind arise within the VIA approach from the perturbative expansion and
from the not precisely known bubble parameters. Especially the NLO terms in the VIA can
be large as was shown in Ref. [173], around O(1) for the top quark, but at the sub-per-mille
level for the bottom quark and the tau lepton because of their smaller Yukawa couplings.
In addition, the prediction of YB depends on the bubble wall properties, in particular on
the bubble wall width, Lw, and velocity, vw, as well as on the bubble wall profile (i.e. the
variation of the vev from the inner to the outer bubble wall). In contrast to the long-standing
expectation that small velocities should lead to higher YB, EWBG can also be successful with
supersonic bubble walls, as shown recently in Refs. [170, 174].

In view of the described uncertainties affecting the prediction of the BAU, we adopt
the following strategy for assessing the impact of the BAU constraint. As the predictions
based on the VIA approach tend to yield significantly higher values for YB than the WKB
approach, we employ the VIA approach for obtaining an “optimistic” reference value for the
BAU. Specifically, we apply the bubble wall parameters vw and Lw as in the benchmark used
in Refs. [63–65, 175] such that they yield values of Y VIA

B for the given couplings that are near
the maximally possible values. Accordingly, the obtained value for Y VIA

B corresponds to an
approximate upper bound on YB .For this reason we do not attempt to show confidence levels,
but restrict ourselves to displaying the nominal value of the BAU. We regard a parameter
point as disfavored by the observed BAU if the value predicted for YB in the (optimistic)
VIA approach is such that Y VIA

B /Y obs
B < 1. On the other hand, values with Y VIA

B /Y obs
B > 1

may well be phenomenologically viable if the VIA approach turns out to overestimate the
predicted value of YB. We therefore indicate the parameter regions fulfilling Y VIA

B /Y obs
B ≥ 1

as those that are favored by the observed BAU. For illustration, contour lines for fixed values
of Y VIA

B /Y obs
B are shown in our plots.

The prediction for Y VIA
B /Y obs

B consists of the contributions from the different fermions
that are proportional to the respective parameters c̃f . We use the evaluations from Refs. [63,
65] of all fermions as given by the simple formula

Y VIA
B /Y obs

B = 28c̃t − 0.2c̃b − 0.03c̃c − 2 · 10−4c̃s − 9 · 10−8c̃u − 4 · 10−7c̃d

− 11c̃τ − 0.1c̃µ − 3 · 10−6c̃e, (15)

where the coefficients have been evaluated by employing the benchmark parameters as de-
fined in Refs. [63, 65].
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4 Results
In this Section, we present the results of our numerical fits for specific realizations of the
scenarios defined in Section 2. First, we focus on the constraints set by LHC measurements
(supplementary results are provided in Appendix A). In a second step, we investigate the
interplay with the eEDM constraint and the obtainable BAU in the VIA.

4.1 LHC results

In the following, all presented results are based on the LHC data set, defined in Section 3.1,
except for Fig. 2(a), where the CMS H → τ+τ− CP measurement is excluded. Accordingly,
the χ2 value of the SM point in the plots below is always χ2

SM = 89.36 (except for Fig. 2(a)).

4.1.1 1-flavor models
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Figure 2: Results of fits to the LHC measurements in the (cτ , c̃τ ) parameter plane where
in the set of input measurements the CMS H → τ+τ− CP result [15] is (a) omitted and
(b) included. The coupling modifiers cτ and c̃τ are treated as free parameters while all
other parameters are fixed to their SM values. The color corresponds to the profile ∆χ2 of
the global fit, and the 1σ, 2σ and 3σ confidence regions are shown as white, light-gray and
dark-gray dashed contours, respectively. The best-fit point and the SM case are marked
by a white star and an orange cross, respectively.

τ Yukawa coupling We first investigate the two-dimensional plane of the CP-even and
CP-odd tau Yukawa coupling modifiers, cτ and c̃τ , respectively, treating only these two pa-
rameters as free-floating in the fit. The tau Yukawa coupling is constrained by measurements
of H → τ+τ− decays, and by measurements of H → γγ decay rates in which tau leptons
enter at the loop-level. In practice, the former dominates the current constraint due to the
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predominance of the W boson, top quark and bottom quark loop diagrams in H → γγ de-
cays. In the absence of CP-sensitivity, one expects H → τ+τ− decay rate measurements to
show a dependence on c2τ + c̃2τ forming a ring-shaped constraint (see Eq. (11)). This pattern
is observed in Fig. 2(a), where only the inclusive H → τ+τ− decay rate but not the recent
CMS H → ττ CP measurement [15] is included as input to the fit. The current precision
of the H → γγ measurement has no visible effect on the ring structure. Furthermore, there
is no statistically significant sensitivity to the precise location of the best-fit point (shown
as a white star in the plots) within the ring. We find χ2

min = 87.48 for the best-fit point,
while the SM point (cτ = 1, c̃τ = 0, shown as an orange cross in the plots) has χ2

SM = 88.33.
Fig. 2(b) shows the result based on the full set of input measurements, i.e. including the
CMS H → τ+τ− CP measurement [15]. This experimental result excludes large |c̃τ | values
(i.e. |c̃τ | < 0.75 at the 95% CL) in the fit, as expected from the unique sensitivity brought by
this analysis. The best-fit point has χ2

min = 87.63. The fact that the best-fit point is located
at a negative rather than a positive cτ value is again not statistically significant and only
corresponds to a small difference of ∆χ2 = 0.23 with respect to the best-fit point at cτ > 0.
The SM point is located within the 1σ area.

Quark and µ Yukawa couplings We now consider similar two-dimensional planes for
the top quark, the bottom quark, the charm quark and the muon, see Fig. 3. The LHC
data set is included for these fits, and in each case only the two plotted parameters are free-
floating, while all the others are set to their SM values. For a discussion of the correlation
between the top quark coupling modifiers that is displayed in Fig. 3(a) we refer to Ref. [48].
In that fit, the best-fit point, with χ2

min = 89.28, is close to the SM point.
The bottom quark Yukawa coupling is constrained predominantly by measurements of

H → bb decays. The rate measurement, similarly to H → τ+τ−, depends on c2b + c̃2b , but
in this case no additional CP measurement is available, and consequently the ring-shape
constraint is preserved. The fit result is shown in Fig. 3(b). In contrast to Fig. 2(a) we
observe that the region corresponding to cb < 0 is disfavored. This is mostly because of the
significant increase of the ggH production cross section in this region, caused by the positive
interference with the top quark contribution (ggH production is enhanced by ∼ 23% for
cb = −1). Note also that due to the same effect, the ring structure of the one- and two-sigma
regions are slightly asymmetric around cb = 0. The best-fit point has χ2

min = 89.35.
The results for the charm quark Yukawa coupling are shown in Fig. 3(c). While the direct

search for V H, H → cc yields a limit on |gc| (see Eq. (2)) of |gc| < 8.5 at the 95% CL, the
precise measurement of BR(H → γγ) sets tighter constraints on |gc| due to the modification
of the total width. Therefore, our global fit is dominated by this indirect constraint. The
result shown in the plot corresponds to |gc| < 2.45 at the 95% CL, in agreement with the
estimate in Eq. (10). The best-fit point has χ2

min = 89.00. Similar to Fig. 2(a), its precise
location inside the ring is not statistically significant.

Fig. 3(d) shows the results for the muon Yukawa coupling. Since the contribution of
the muon loop to BR(H → γγ) is negligible, the constraints on cµ and c̃µ stem from the
H → µ+µ− decay. The searches for this decay at ATLAS and CMS [116, 117] reach a higher
sensitivity compared to the case of the charm quark, reducing the ring width such that the
point with cµ = 0, c̃µ = 0 is outside the 2σ region, but still inside the 3σ region. The best-fit
point has χ2

min = 89.21, and again there is no significant sensitivity to its precise location.
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Figure 3: Results of fits to the LHC measurements in the (a) (ct, c̃t), (b) (cb, c̃b), (c)
(cc, c̃c) and (d) (cµ, c̃µ) parameter planes. In each case, the two parameters shown in the
plot are free-floating while all the other parameters are set to their SM values. The legend
corresponds to the one in Fig. 2.
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Figure 4: Fit results in the (a) (ct, cb) and (b) (c̃t, c̃b) parameter planes. In each case,
the CP-even and CP-odd parts of the couplings shown in the plot are free-floating while
all the other parameters are set to their SM values. The legend corresponds to the one in
Fig. 2.

4.1.2 2-flavor models

Next, we turn to scenarios in which coupling modifiers of two flavors are free-floating simul-
taneously. The associated results for top and bottom quarks, top quark and tau lepton, and
bottom quark and tau lepton are presented in Figs. 4 and 5.

t+ b Yukawa couplings The constraints on the Higgs–top-quark and Higgs–bottom-
quark Yukawa coupling modifiers, see Fig. 4, are partially correlated because ggH measure-
ments have an impact on both of them. This opens the possibility of partial cancellations
in the BSM contributions, which can lead to a SM-like ggH production cross section even
though each coupling deviates significantly from the SM. In particular, low cb values can be
compensated by a slightly reduced ct parameter (with respect to the SM case), see Eq. (5).
A similar cancellation effect happens in the case of the CP-odd coupling modifiers, but is
suppressed due to the smaller corresponding interference term, as a consequence of the more
stringent constraints on c̃t. The best-fit point corresponds to χ2

min = 89.28.

τ + t, τ + b Yukawa couplings For models with free top quark and tau Yukawa cou-
plings, see Figs. 5(a) and 5(b), and bottom quark and tau Yukawa couplings, see Figs. 5(c)
and 5(d), the only source of potential correlation originates from H → γγ decays and is
very limited due to the small contribution of the Higgs–tau-lepton Yukawa coupling to this
process. In Fig. 5(c), the constraints on cb at cτ = 1 differ from the ones previously shown
in Fig. 3(b) and Fig. 4(a). This is a direct effect of the CMS H → τ+τ− analysis, where – as
noted in the discussion of Fig. 2(b) – the χ2

min value of the best-fit point is slightly lower than
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Figure 5: Results of fits to the LHC measurements in the (a) (ct, cτ ), (b) (c̃t, c̃τ ), (c) (cb,
cτ ), and (d) (c̃b, c̃τ ) parameter planes. In each case, the CP-even and CP-odd parts of the
couplings shown in the plot are free-floating while all the other parameters are set to their
SM values. The legend corresponds to the one in Fig. 2.
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the one of the SM point, χ2
SM = 89.36. The best-fit point for the free top-quark (bottom-

quark) and tau-lepton couplings corresponds to 87.53 (87.54). This difference of ∆χ2 ≈ 1.8
between the best-fit point and the SM point gives rise to a corresponding increase of the
∆χ2 value compared to scenarios in which cτ = 1 and c̃τ = 0 (as in Figs. 3(b) and 4(a)). It
has also a small impact on the ct constraint in Fig. 5(a), though the effect is barely visible.

4.1.3 Lepton, quark and fermion models

Next, we investigate models in which the Higgs couplings to leptons, quarks, or all fermions
are modified simultaneously with the two coupling modifiers (cl, c̃l), (cq, c̃q) and (cf , c̃f ),
respectively. The results are shown in Fig. 6. In Fig. 6(a), where the lepton couplings cl and
c̃l are varied, only the constraints provided by H → τ+τ− measurements play a significant
role. Consequently, the results are very similar to the (cτ , c̃τ ) results presented in Fig. 2(b).
When varying the quark couplings cq and c̃q, see Fig. 6(b), the constraints are dominated
by the limits on the third generation couplings. The form of the constraints qualitatively
resembles the one of the 1-flavor top quark Yukawa fit shown in Fig. 3(a). As a consequence
of simultaneously varying the bottom Yukawa coupling and the respective effect on the
H → bb̄ decay rate, the constraints are somewhat tighter in comparison to Fig. 3(a). We
obtain very similar results if not only the quark couplings are varied simultaneously, but all
Higgs–fermion couplings, see Fig. 6(c). In comparison to Fig. 6(b), the additionally relevant
constraints originate from H → τ+τ− and change the exclusion boundaries only slightly.
The best-fit points for the three discussed models are found at χ2

min-values of 87.87, 89.20
and 88.26, respectively.

4.1.4 Universal and fermion+V models

We now consider the case where, as in Fig. 6(c), all Higgs–fermion couplings are varied
simultaneously by the two parameters cf and cf , but in addition cf = cV holds, see Fig. 7(a),
or cV is free-floating, see Fig. 7(b). In the scenario with cf = cV , measurements sensitive
to the Higgs coupling to massive vector bosons (e.g. of H → WW ∗, ZZ∗ or Higgs boson
production via vector boson fusion) constrain cV and therefore also have an impact on cf .
On the other hand, only the H → γγ decay (as well as tH and tWH production, for
details see Ref. [48]) have a significant dependence on the sign of the CP-even Higgs–fermion
couplings (i.e. on the sign of ct). This dependence is proportional to cV ct. As a consequence,
the preference for a positive sign of ct vanishes if cV is allowed to have negative values.
Accordingly, in the fit for the case cf = cV shown in Fig. 7(a) the preferred region for cf
is found close to ±1. If instead cV is floated independently, see Fig. 7(b), the result is
qualitatively similar. As a consequence of the free-floating cV , the constraints are somewhat
weaker than in Fig. 7(a). The best-fit point in the two models with cf = cV or free-floating
cV has χ2

min = 88.40 and χ2
min = 87.97, respectively.

4.1.5 Fermion-vector and up-down-lepton-vector models

So far, we have treated the effective Higgs couplings to gluons and photons (κg and κγ) as
dependent parameters using Eqs. (5) and (6). We can, however, also treat them as free
parameters, thus allowing for possible effects of unknown colored or charged BSM particles.
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Figure 6: Results of fits to the LHC measurements in the (a) (cl, c̃l), (b) (cq, c̃q), and (c)
(cf , c̃f ) parameter planes. In each case, the CP-even and CP-odd parts of the couplings
shown in the plot are free-floating while all the other parameters are set to their SM values.
The legend corresponds to the one in Fig. 2.
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Figure 7: Results of fits to the LHC measurements in the (cf , c̃f ) parameter plane with
(a) cf = cV and (b) cV free-floating. In each case, the CP-even and CP-odd parts of the
couplings shown in the plot are free-floating while all the other parameters are set to their
SM values. The legend corresponds to the one in Fig. 2.
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Figure 8: Results of fits to the LHC measurements in the (cf , c̃f ) parameter plane. The
coupling modifiers cf , c̃f , κγ , κg are free-floating in both plots, while (a) cV is restricted
to positive values and (b) cV is free-floating. In each case, the CP-even and CP-odd parts
of the couplings shown in the plot are free-floating while all the other parameters are set
to their SM values. The legend corresponds to the one in Fig. 2.
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This case is studied in Fig. 8, in which cf , c̃f , cV , κg, and κγ are floated freely. If cV is
restricted to be positive, see Fig. 8(a), we expect in principle a similar result as obtained in
Ref. [48], where ct, c̃t, cV , κg, and κγ were floated (assuming cV to be positive). The CMS
H → τ+τ− CP analysis, however, leads to additional constraints limiting |c̃f | . 0.37 at the
1σ level, while in Ref. [48] a range of ∼ [−1.1, 1.1] was found for c̃t. If we allow cV to be
negative, see Fig. 8(b), also negative cf values are allowed (see the discussion of Fig. 7). The
best-fit point corresponds to χ2

min = 87.94 in both cases.

4.2 Impact of EDM and BAU constraints

In this Section, we will investigate the impact of the eEDM constraint by employing the
ACME result [54] (see Section 3.2). Additionally, the amount of the BAU that can be
reached based on the (optimistic) VIA approach for the displayed parameter regions will
be indicated in the plots. As discussed in Section 3.3, we treat parameter regions with
Y VIA
B /Y obs

B ≥ 1 as favored by baryogenesis.
The LHC constraints will be applied at the 90% CL in this section in order to treat them

at the same level as the eEDM constraint whose 90% CL cannot be translated into a 95%
CL bound without further information. Regions in the parameter space that are within the
limits from the LHC and ACME measurements at the 90% CL and for which Y VIA

B /Y obs
B ≥ 1

holds are colored in green.

4.2.1 1-flavor models

We first investigate models in which only the Higgs couplings to one fermion species are
allowed to float freely. The same fermions as in Sec. 4.1.1 will be considered. Contributions
from the individual coupling modifiers on the total predicted values for eEDM and BAU are
calculated according to the formulas given in Eqs. (13) and (15), where the Higgs–electron
coupling is assumed to be SM-like (ce = 1, c̃e = 0). The case where this assumption on the
Higgs–electron coupling is relaxed will be discussed in Sec. 4.2.4.

Our results are presented in Figs. 9 and 10. The eEDM contour lines (red) show where
the measured upper limit of ACME is reached. The amount of BAU that can be reached,
see Eq. (15), is indicated in the plots as a second axis on the right with an additional blue
dashed horizontal line at specific values of Y VIA

B /Y obs
B for illustration. Like the eEDM, it

only depends on the respective CP-odd coupling modifiers. Negative Y VIA
B /Y obs

B values imply
that more anti-baryons than baryons would have been produced in the early universe and
are therefore strongly disfavored.

τ Yukawa coupling In the model with free-floating tau Yukawa couplings as in Sec. 4.1,
see Fig. 9(a), constraints on cτ arise mainly due to the CMS H → τ+τ− CP analysis. The
strongest constraint on c̃τ , on the other hand, is the eEDM measurement, limiting |c̃τ | . 0.29
at the 90% CL. This directly translates into Y VIA

B /Y obs
B . 3.2, meaning that CP violation

in the Higgs–tau coupling alone would be sufficient to explain the observed BAU, based on
the (optimistic) VIA approach.
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Figure 9: Constraints on the CP-even and CP-odd modifiers of (a) the tau-Yukawa, (b)
the bottom-Yukawa, as well as (c) the top-Yukawa interactions based on LHC measure-
ments (black), eEDM limits (red), and the ratio Y VIA

B /Y obs
B (blue contours and vertical

scale on the right). The green colored areas indicate the parameter regions satisfying the
LHC and eEDM constraints for which Y VIA

B /Y obs
B ≥ 1.
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Figure 10: Constraints on the CP-even and CP-odd modifiers of (a) the charm-Yukawa
as well as (b) the muon-Yukawa interactions. The legend corresponds to the one in Fig. 9.

b Yukawa coupling Similarly, c̃b is also predominantly constrained by the eEDM, see
Fig. 9(b). As a consequence of the smaller contribution of c̃b to the baryon asymmetry,
however, Y VIA

B /Y obs
B is limited to be. 0.05 within the parameter region that is allowed by the

eEDM and LHC constraints. For illustration, we have indicated the line with Y VIA
B /Y obs

B =
0.1, which lies outside of the region that is allowed by the eEDM constraint.

t Yukawa coupling The eEDM measurement has an even stronger impact on c̃t, as can
be seen in Fig. 9(c). We scale the vertical axis by a factor of 10−3 in this panel in order
to make the eEDM constraint visible. Note, however, that the eEDM constraint strongly
depends on the electron Yukawa coupling — as will be investigated below —, which here is
assumed to be SM-like. As a consequence of the rescaled vertical axis, constraints from the
LHC appear as straight lines. The realizable amount of BAU in a scenario where just the
Higgs–top coupling deviates from the SM is therefore very small. Within the region that is
allowed by the eEDM constraint we find Y VIA

B /Y obs
B . 0.033.

c Yukawa coupling Floating the charm quark Yukawa coupling modifiers (see Fig. 10(a)),
we observe that the eEDM measurement imposes the dominant constraint on the respective
CP-odd coupling, as it was the case for the third-generation fermion couplings. Within the
parameter region that is allowed by the eEDM constraint, only Y VIA

B /Y obs
B . 0.01 can be

reached.

µ Yukawa coupling For the case where the Yukawa coupling of the muon is allowed
to float, see Fig. 10(b), we find qualitatively different results. Due to the small muon
Yukawa coupling, the eEDM constraint on c̃µ is weak, allowing for c̃µ < 31 which corresponds
to Y VIA

B /Y obs
B . 3.1. However, the measurement of the H → µ+µ− decay at the LHC

outperforms the eEDM by constraining the imaginary part of the muon Yukawa coupling to
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maximally c̃µ < 1.6 (for cµ = 0), corresponding to Y VIA
B /Y obs

B . 0.16. Hence, the sensitivity
to this rare decay already provides the dominant information on the CP-odd part of the
muon Yukawa coupling, in agreement with the findings of Ref. [62].

4.2.2 2-flavor models

In Figs. 11 and 12 we consider modifications of the Higgs interactions with two different
flavors.

t+ τ Yukawa couplings In Fig. 11(a), we investigate the possibility of CP violation in
the top quark and tau Yukawa couplings. Since a sufficient amount of CP violation to explain
the BAU (in the VIA approach) can already be generated from the tau Yukawa coupling
alone, see Fig. 9(a), it can also be achieved when combining a free tau Yukawa coupling
with an additional source of CP violation. The effects of complex tau and top quark Yukawa
couplings can cancel each other in the prediction for the eEDM resulting in the diagonal red
eEDM contours. Hence, larger values of Y VIA

B /Y obs
B . 6.9 are accessible as compared to the

case where only the couplings of one fermion flavor are allowed to float.

b+ τ Yukawa couplings A very similar behavior is observed when allowing for CP
violation in the bottom quark and tau Yukawa couplings, with Y VIA

B /Y obs
B again reaching

maximally 6.9, as shown in Fig. 11(b). Since the overall contribution of c̃b to the eEDM is
smaller, larger values of |c̃b| are possible in comparison to the allowed |c̃t| values in Fig. 11(a).

t+ b Yukawa couplings The possibility of CP violation in the bottom quark and top
quark Yukawa interactions is investigated in Fig. 11(c). While in the 1-flavor case c̃b (c̃t)
can only reach a small fraction of the observed BAU, Y VIA

B /Y obs
B = 0.05 (0.03), their com-

bination can amount for up to Y VIA
B /Y obs

B = 0.42 within the LHC and eEDM limits due to
large cancellations in the eEDM prediction. Although this remains short of the full baryon
asymmetry, the contribution arising from the combination of the couplings is several times
larger than the sum of the individual contributions. This is a qualitatively different result
compared to Fig. 5 of Ref. [63], where the maximal value of Y VIA

B /Y obs
B was found to be

0.12. The larger Y VIA
B /Y obs

B value determined here is a consequence of profiling over cb and
ct instead of fixing ct = cb = 1 as done in Ref. [63].

t+ µ, b+ µ Yukawa couplings When allowing for CP violation in the top quark and
muon Yukawa interactions, see Fig. 12(a), or in the bottom quark and muon Yukawa interac-
tions, see Fig. 12(b), no sufficient amount of CP violation can be generated while satisfying
the LHC and eEDM constraints — the maximal reachable Y VIA

B /Y obs
B values are ∼ 0.18 and

∼ 0.19, respectively, i.e. just a small increase compared to the contribution of the muon
alone.

4.2.3 Fermion and fermion+V models

Instead of varying the coupling modifiers of one or two Higgs–fermion interactions, we now
consider the case where all Higgs–fermion coupling modifiers are varied in the same way
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Figure 11: Constraints on the CP-odd modifiers of (a) the top- and tau-, (b) the bottom-
and tau-, as well as (c) the top- and bottom-Yukawa interactions based on LHC mea-
surements (black), eEDM limits (red), and the ratio Y VIA

B /Y obs
B (blue). For the LHC

constraints, the corresponding CP-even modifiers are profiled. The legend corresponds to
the one in Fig. 9.
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Figure 12: Constraints on the CP-odd modifiers of (a) the top- and muon-, as well as (b)
the bottom- and muon-Yukawa interactions. The legend corresponds to the one in Fig. 9.
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Figure 13: Constraints on the global Higgs–fermion coupling modifiers cf and c̃f where
cV is (a) set to its SM value or (b) free-floating in the fit. The legend corresponds to the
one in Fig. 9.
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by floating the global modifiers cf and c̃f , see Fig. 13(a). In this scenario, the coupling
modifiers are varied simultaneously for the top quark Yukawa and the electron Yukawa
coupling, which can potentially give rise to cancellations of the different contributions in
the eEDM calculation. Indeed, the star-like shape of the contour of the eEDM constraint
arises from a cancellation for cf ≈ 0.73, for which sizable contributions of |c̃f | & 0.1 are
allowed. The collider bounds in Fig. 13(a) correspond to the ones shown in Fig. 6(c). Since
the region with significant cancellations in the eEDM prediction has only a small overlap
with the region that is allowed by the LHC constraint, the reachable Y VIA

B /Y obs
B values are

only slightly increased to 0.08 as compared to a single flavor modification of the top quark
or bottom quark Yukawa coupling.

In addition to varying cf and c̃f , also cV is free-floated in Fig. 13(b). For the eEDM
calculation, we vary cV within its 90% CL LHC limits and then derive the minimal possible
|de| value. Similarly to Fig. 13(a), the eEDM constraint gives rise to a star-like shaped
contour. Since the relative size of cf and cV determines the position of this contour, see
Eq. (13), floating cV results in a second star-like allowed eEDM region for negative values of
cf . Furthermore, floating cV gives rise to a smearing of the star shape in the cf direction.
In comparison to Fig. 13(a), the reachable Y VIA

B /Y obs
B values are slightly increased to 0.11.

4.2.4 Top and electron Yukawa couplings

As discussed above, the eEDM sets strong constraints on CP violation in the Higgs sector,
in particular for the top quark Yukawa interaction, if the electron Yukawa coupling is close
to its SM value. However, these constraints may vary a lot depending on the value of the
electron-Yukawa coupling, which is only very weakly constrained by LHC measurements. In
the extreme case of a zero electron Yukawa coupling (i.e. ce = c̃e = 0), the prediction for the
eEDM would be strongly suppressed regardless of the amount of CP violation in other Higgs
couplings. But even in the case of only a small deviation in the electron-Yukawa coupling
from the SM value, large cancellations can occur in the eEDM prediction between the con-
tributions involving the components of the top quark and the electron Yukawa couplings.10

This is illustrated in Fig. 14, showing the LHC and eEDM constraints on a model in
which the coupling modifiers of the electron and top quark Yukawa interactions are floated
freely. The results are depicted in the (c̃t, c̃e) parameter plane. Since the LHC limits on
the electron Yukawa coupling are not relevant in the displayed parameter space, the LHC
constraints appear as vertical lines limiting c̃t to be within ∼ [−0.35, 0.35] at the 90% CL
(for the LHC constraints we profile over ct). Varying the electron Yukawa coupling modifiers,
however, strongly affects the eEDM prediction. At every point in the (c̃t, c̃e) parameter plane,
we vary ct within its 90% CL LHC limits and ce in the interval [0, 2] (red contours) or in the
interval [0.8, 1.2] (orange contours); then, we derive the minimal possible de value. Since the
contribution of a CP-violating electron Yukawa coupling enters with a coefficient of similar
size as the contribution of a CP-violating top quark Yukawa coupling, see Eq. (13), large
cancellations can occur for appropriate values of ce, c̃e, ct and c̃t. As a consequence, much

10The measurement of other EDMs like the neutron EDM can in principle constrain CP violation in the
Higgs sector without relying on assumptions on the electron Yukawa coupling. These EDM measurements,
however, either rely on the knowledge of the up quark and down quark Yukawa couplings or are significantly
less sensitive than the eEDM (as is the case for the Weinberg operator contribution to the neutron EDM [57]).
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larger c̃t values become accessible than in Fig. 9(c). As indicated by the different sizes of the
regions enclosed by the red and orange contours, varying ce in a larger region would make
an even larger portion of the shown parameter space compatible with the eEDM constraint.
As long as c̃e floats freely, a sufficient amount of CP violation to explain the BAU can be
generated (see the green colored regions), which corresponds to Y VIA

B /Y obs
B . 9.8. Note,

however, that at sizeable values of c̃t or c̃e a large amount of fine-tuning is necessary for
those cancellations to occur.

4.2.5 Comparison of the maximal contributions to the BAU

We summarize some of the results of this section in Table 2, where we list the maximal
values for Y VIA

B /Y obs
B that are obtained within the regions allowed by the LHC and eEDM

constraints at 90% CL for all combinations of two out of the five considered fermion fla-
vors, where either the modifiers for one or two couplings are varied. The modifiers for the
electron Yukawa coupling in this table are fixed to ce = 1, c̃e = 0. The largest amount of
Y VIA
B /Y obs

B with a single CP-violating Higgs–fermion coupling can be reached by allowing for
CP violation in the tau Yukawa coupling. This feature of the tau Yukawa coupling is due
to a combination of several reasons. First, leptons are not affected by the strong sphalerons
that would wash out the initial asymmetry [175]. Moreover, the diffusion of the asymmetry
across the bubble wall is more efficient for leptons [162, 176]. Finally, the smaller Yukawa
coupling of the tau lepton compared to the top quark leads to a weaker bound from the
eEDM.

Adding CP violation in a second Higgs–fermion coupling increases the reachable Y VIA
B /Y obs

B

by a factor of ∼ 2.2.11 Allowing for CP violation only in up to two Higgs–fermion couplings
excluding the tau and the electron Yukawa couplings, a sufficient amount of CP violation to
explain the baryon asymmetry of the universe cannot be reached – not even in the optimistic
VIA framework. The highest reachable value of Y VIA

B /Y obs
B in this case is ∼ 0.42, obtained

by allowing for CP violation in the top quark and bottom quark Yukawa couplings. For
the scenario with global Higgs-fermion coupling modifiers, we obtained a maximally reach-
able value of Y VIA

B /Y obs
B ∼ 0.08. If in addition also cV is varied, a slightly higher value of

Y VIA
B /Y obs

B ∼ 0.11 can be reached.

5 Conclusions
CP violation in Higgs–fermion interactions is an intriguing possibility, since it could play an
important role in explaining the observed asymmetry between matter and antimatter in the
universe. In this work, we have explored this option by taking into account inclusive and
differential experimental results from LHC measurements of Higgs production and decay pro-
cesses and the eEDM limit in combination with theoretical predictions in an effective model

11Regardless whether CP violation in the tau Yukawa coupling is combined with CP violation in the top
quark, the bottom quark, or the charm Yukawa couplings, we obtain a maximal value of Y VIA

B /Y obs
B ∼ 6.9.

For each of these cases, the amount of baryon asymmetry is almost completely due to CP violation in the
tau Yukawa coupling. The presence of an additional source of CP violation, however, can reduce the impact
of the eEDM constraint. The maximal value for Y VIA

B /Y obs
B is then determined by the collider constraints

on the tau Yukawa coupling (see also Fig. 11).
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t b c τ µ

t 0.03

b 0.42 0.05

c 0.37 0.19 0.01

τ 6.9 6.9 6.9 3.2

µ 0.18 0.19 0.16 3.2 0.16

Table 2: Maximal values of Y VIA
B /Y obs

B within the regions that are allowed by the LHC
and eEDM constraints at 90% CL for all combinations of the five considered fermion flavors,
where the modifiers of up to two couplings are varied. The electron-Yukawa coupling is
fixed at ce = 1, c̃e = 0. The diagonal entries of the Table represent the cases where only
one Yukawa coupling is modified.

description. After determining the parameter space that is favored by these constraints, we
have assessed to which extent CP violation in the Higgs–fermion couplings can contribute
to the observed baryon asymmetry.

The first part of this work focused on the LHC constraints on CP-violating Higgs–fermion
couplings. The Higgs characterization model has been used, allowing not only a variation of
the various Higgs–fermion couplings but also of the Higgs coupling to massive vector bosons
as well as of the effective Higgs couplings to gluons and photons. Besides including total
and differential rate measurements, we also included into our global fit the recent dedicated
H → τ+τ− CP analysis performed by the CMS collaboration [15]. This yields |c̃τ | < 0.75 at
the 95% CL considering the scenario where only the components of the tau Yukawa coupling
are allowed to float freely (1-flavor model), whereas |c̃τ | < 1.1 would have been allowed if
only the CP-conserving rate measurements had been taken into account.

We studied the LHC constraints by investigating models with increased complexity. The
simplest cases are the 1-flavor models, in which we allowed for deviations from the SM in the
interaction of the Higgs boson with only one fermion species. Here, we found the strongest
constraints for CP-violating tau and top quark Yukawa couplings, where the latter is mainly
constrained by Higgs production and the decay into photons (for the constraints on the tau
Yukawa coupling see the discussion above). On the other hand, the LHC constraints on
the CP-violating bottom quark and muon Yukawa couplings are currently driven by the CP
conserving observables from the Higgs decay into these fermions. In contrast, the complex
charm quark Yukawa coupling is most stringently constrained by the precise measurement
of the H → γγ decay rate via the modification of the total Higgs width. These constraints
from Higgs decays give rise to rings of allowed parameters in the plane of the modifiers of
the real and imaginary parts of the couplings. The first generation Yukawa couplings are
still almost unconstrained.

When allowing for CP violation in the Higgs interactions with two fermion species, we
found the LHC constraints on the different species to be only weakly correlated, so that
the constraints from the 1-flavor modification fits were largely recovered. As an alternative
approach, we studied models in which the couplings of a specific group of fermions are
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modified universally (e.g. of all quarks or all leptons). As expected, we found the constraints
on the third generation couplings to always dominate the fit results with the top quark
Yukawa constraints being the most important among these. We extended these fit results
by increasing the number of coupling modifiers that are allowed to float independently of
each other to up to nine (see the discussion in Appendix A). Generally, our fit confirms the
expectation that the allowed parameter region is enlarged in models with additional freedom.

As complementary constraints, we then studied the impact of the eEDM bound and
assessed to which extent the BAU can be explained within the parameter regions that are
in agreement with the LHC and eEDM constraints. Our approach in this context accounts
for the fact that the BAU predictions are affected by large theoretical uncertainties that are
in particular related to the choice made in the calculation framework regarding the use of
the VIA or the WKB approach [170]. We therefore did not require in our analysis that the
BAU prediction using the VIA has to match the observed value, but we have treated all
values of Y VIA

B /Y obs
B ≥ 1 as theoretically allowed. Since the results for the BAU obtained

via the WKB approach are significantly smaller than the ones based on the VIA, even for
Y VIA
B /Y obs

B ≥ 1 further sources of CP violation besides the couplings of the observed Higgs
signal at 125 GeV might be needed. On the other hand, we regard parameter regions with
Y VIA
B /Y obs

B < 1 as disfavored by the observed BAU because the bubble wall parameters used
in the VIA calculation are near the values that maximize the predicted BAU.

Using this approach, we found that the amount of CP violation in the tau Yukawa
coupling that is allowed by the latest LHC and eEDM constraints would suffice to explain
the BAU (if calculated in the VIA framework) even if it occurs as the only source of CP
violation in addition to the CKM phase. While similar conclusions were drawn previously,
see Refs. [63, 65, 177, 178], we reevaluated this statement based on a non-trivial global fit
taking into account the very significantly improved constraints on the imaginary part of
the tau Yukawa coupling that arise in particular from the inclusion of the recent angular
analysis performed by the CMS Collaboration. Still, the eEDM remains the strongest bound
on c̃τ , yielding c̃τ <0.3 at the 90% CL in the 1-flavor case, i.e. about a factor of 2 stronger
than the angular CMS analysis. Moreover, we have confirmed that the feature that CP
violation in the tau Yukawa coupling could account for the whole BAU is unique to this
coupling. Our results show that this is not possible for CP violation in any other single
Yukawa coupling and it also cannot be realized for the case where CP violation in two other
third- or second-generation Yukawa couplings (i.e. excluding the tau Yukawa coupling) is
allowed.

Regarding the eEDM, it should be noted that the impact of this constraint crucially
depends on the chosen input value for the electron Yukawa coupling, which is still almost
completely unconstrained by LHC measurements12. Treating this unknown quantity as a
free parameter reduces the contributions to the eEDM for the case where |ce| is below the
SM value and gives rise to possible cancellations between the different contributions to the
eEDM for the case of CP violation in the electron Yukawa coupling. Accordingly, in those
cases substantial parts of the considered parameter space are phenomenologically viable even
in view of the latest improvement of the eEDM limit.

Our analysis has demonstrated that the analysis of possible CP violation in the Higgs
12For a discussion of the technical challenges involved in obtaining limits on ge at possible future lepton

colliders, see Refs. [179, 180].
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sector is of particular interest, since CP-violating Yukawa couplings can potentially explain
the BAU while satisfying all relevant experimental and theoretical constraints. The further
exploration of this issue will greatly profit from the complementarity between the information
obtainable at colliders, from the EDMs of the electron and of other systems, as well as from
improvements in the predictions for the BAU.
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A Additional fit results
In this Appendix, we collect our results of additional fits to LHC data which are supplemen-
tary to the results presented in Section 4.

Quark–lepton model One possibility that was not explored in Section 4 is to allow for
separate modifications in the quark and lepton sector (varying cq, c̃q, cl, and c̃l). The
corresponding fit results are shown in Fig. 15. The results are similar to the two-flavor fit in
which ct, c̃t, cτ , and c̃τ are varied (see Figs. 5(a) and 5(b)), with χ2

min = 87.84. The quark
and lepton sectors are again only weakly correlated via the H → γγ decay process. Setting
cb = ct ≡ cq and c̃b = c̃t ≡ c̃q slightly tightens the constraints in comparison to Figs. 5(a)
and 5(b).

Up–down–lepton model The results can be further generalized by treating the up- and
down-type quark sector separately. The fit results of varying cqu , c̃qu , cqd , c̃qd , cl, and c̃l
are shown in Fig. 16. The constraints on the different sectors are again dominated by the
constraints on the third generation couplings and only weakly correlated: the constraints
on cqu and c̃qu , see Fig. 16(a), resemble the (ct, c̃t) fit shown in Fig. 3(a) with the bounds
being slightly looser due to the additional variation of the bottom-Yukawa coupling; the
constraints on cqd and c̃qd , see Fig. 16(b), resemble the (cb, c̃b) fit shown in Fig. 3(b) with
the bounds being slightly looser due to the additional variation of the top-Yukawa coupling;
the constraints on cl and c̃l, see Fig. 16(c), resemble the (cl, c̃l) fit shown in Fig. 6(a). The
best-fit point is found at χ2

min = 87.80.
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Figure 15: Results of fits to the LHC measurements in the (a) (cq, cl) and (b) (c̃q, c̃l)
parameter plane. In both cases, the four parameters shown in the plot are free-floating
while all the other parameters are set to their SM values. The legend corresponds to the
one in Fig. 2.

2nd/3rd generation model Another possibility to generalize the fit results is to differen-
tiate the second and third generation (we do not refer to the first generation here, since the
collider limits on the first generation obtained so far are very weak). The corresponding fit
results floating cf3 , c̃f3 , cf2 , and c̃f2 are shown in Fig. 17. There is hardly any correlation be-
tween the constraints on the second and third generation. Therefore, the constraints on the
third generation, see Fig. 17(a), are very similar to the (cf , c̃f ) fit presented in Fig. 6(c). The
constraints on the second generation, shown in Fig. 17(b), are dominated by the constraints
on the muon-Yukawa coupling (see Fig. 3(d)). The best-fit point has χ2

min = 87.68.

Up–down–lepton–vector model As the most general model considered in this work, we
do not only vary the up-, down-, and lepton-Yukawa couplings separately, but in addition
we also freely float cV , κg, and κγ. The resulting constraints in the (cqu , c̃qu), (cqd , c̃qd),
and (cl, c̃l) parameter planes are shown in Fig. 18, with χ2

min = 87.80.13 In Fig. 18(a),
showing the constraints for the up-type Yukawa couplings, we observe a significantly enlarged
allowed region in comparison to Fig. 16(a). This is mainly a consequence of freely floating
κg and κγ (for a more detailed discussion see Ref. [48]). The constraints on the down-type
Yukawa couplings, see Fig. 18(b), are only slightly weaker in comparison to Fig. 16(b). As
a consequence of freely floating κg, cqd ' −1 is allowed at the one-sigma level. For the
constraints on the lepton-Yukawa couplings, see Fig. 18(c), the boundaries of the 3σ region
are slightly tighter than in Fig. 16(c). This is most likely an artefact of the coarse sampling,

13The rather fuzzy boundaries shown are due to the high dimensionality of the analyzed parameter space,
which makes the numerical evaluation very costly. The slightly higher value of χ2

min compared to other
models is likely to originate from the larger step size in the sampling.
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Figure 16: Results of fits to the LHC measurements in the (a) (cqu , c̃qu), (b) (cqd , c̃qd),
and (c) (cl, c̃l) parameter plane. For each plot the indicated coupling modifiers are free-
floating while all the other parameters are set to their SM values. The legend corresponds
to the one in Fig. 2.
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Figure 17: Results of fits to the LHC measurements in the (a) (cf3 , c̃f3) and (b) (cf2 ,
c̃f2) parameter plane. For each plot the indicated coupling modifiers are free-floating while
all the other parameters are set to their SM values. The legend corresponds to the one in
Fig. 2.

which could be avoided with an increased sample size.
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Figure 18: Results of fits to the LHC measurements in the (a) (cqu , c̃qu), (b) (cqd , c̃qd),
and (c) (cl, c̃l) parameter plane. All parameters listed above the plot panels are floated
freely. The legend corresponds to the one in Fig. 2.
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