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ABSTRACT: Electric dipole moments are extremely sensitive probes for additional sources
of CP violation in new physics models. Specifically, they have been argued in the past
to exclude new CP-violating phases in two-Higgs-doublet models. Since recently models
including such phases have been discussed widely, we revisit the available constraints in
the presence of mechanisms which are typically invoked to evade flavour-changing neutral
currents. To that aim, we start by assessing the necessary calculations on the hadronic,
nuclear and atomic/molecular level, deriving expressions with conservative error estimates.
Their phenomenological analysis in the context of two-Higgs-doublet models yields strong
constraints, in some cases weakened by a cancellation mechanism among contributions
from neutral scalars. While the corresponding parameter combinations do not yet have
to be unnaturally small, the constraints are likely to preclude large effects in other CP-
violating observables. Nevertheless, the generically expected contributions to electric dipole
moments in this class of models lie within the projected sensitivity of the next-generation

experiments.
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1 Introduction

Despite the tremendous success of the Standard Model (SM), the arguments for the ne-

cessity of an extension are compelling. Specifically, Sakharov’s conditions [1] require the

presence of additional CP violation with respect to the SM. Assuming CPT invariance,

electric dipole moments (EDM) are known to be highly sensitive to new CP-violating

phases in new physics (NP) models. The contributions in the Standard Model are ex-
tremely tiny (e.g. ApMCEM < (10732 = 1073!) ecm, see e.g. [2, 3] and references therein),



with one exception: the gluonic operator Oz o €., G* GP? gives in principle a contribu-
tion many orders of magnitude above the present experimental limits for e.g. the neutron;
this is called the strong CP problem. To explain the absence of this contribution, typically
symmetries are invoked, involving additional particles. The most famous example is the
Peccei-Quinn mechanism [4], predicting the presence of axions [5, 6]. While these have not
yet been found in experimental searches, we implicitly assume in this work when discussing
hadronic EDMs that the strong CP problem is solved by this or some similar mechanism.

The combination of the resulting tiny SM “background” and very strong experimental
upper limits makes EDMs a well suited laboratory to search for NP, complementary to
direct searches at e.g. the LHC and Tevatron as well as searches involving flavour-changing
processes. The strong suppression in the SM is due to its very specific connection between
flavour and CP violation, i.e. the Kobayashi-Maskawa mechanism [7]. When new sources of
CP violation are included in NP models, usually large contributions are induced, specifically
in models which contain flavour-blind phases. Therefore these models include typically an
additional mechanism to keep them at bay. This in turn, as realized first by Weinberg [8],
leads in a wide class of models to the situation that the dominant contributions actually
stem from two-loop diagrams, when the additional loop allows to avoid strong suppression
factors like masses of light quarks or small CKM matrix elements.

An attractive option for NP is provided by Two-Higgs-Doublet models (2HDM), due
to their simplicity and their being the low-energy limit of various theories with a viable
UV completion. In the most general version of the model, the fermionic couplings of
the neutral scalars are non-diagonal in flavour and, therefore, generate unwanted flavour-
changing neutral-current (FCNC) phenomena. Different ways to suppress FCNCs have
been developed, giving rise to a variety of specific implementations of the 2HDM. In the
past, mainly 2HDMs without new sources of CP violation have been considered, especially
those with a discrete Z5 symmetry [9, 10]. Recently, however, there has been increased
interest in models without this restriction, see e.g. [11-21] and also [22] for a recent review.
Potentially huge EDMs used to be the main argument to discard these models. The critical
reconsideration of this argument is one of the main motivations for the present work. We
show in this article that while the present experimental limits impose strong bounds on the
CP-violating parameter combinations, in models with an appropriate flavour structure they
have not yet to be unnaturally small. However, large enhancements in other CP-violating
observables are very strongly restricted by these bounds. Furthermore, the generic size
for EDMs lies well within reach of the next-generation experiments, presently planned and
some already in progress. These will therefore provide critical tests for this class of models
in the coming years.

The direct observation of the EDM of a charged particle is very difficult, due to the
presence of a hugely dominating “monopole” contribution, i.e. its charge. Therefore, the
most sensitive measurements, at least so far, stem from neutral systems, especially neu-
trons and atoms/molecules. Relating them to fundamental parameters involves complex
calculations at different scales, often implying large uncertainties. Without their careful
estimate no reliable constraints on NP parameters can be obtained. We start therefore in
the next section by giving model-independent expressions for these observables in terms



of Wilson coefficients of the relevant effective operators, taking recent developments into
account and estimating the uncertainties of the QCD, nuclear and atomic calculations in a
conservative manner. For a subset of systems, this has been done very recently by one of
us in [23]; these results are used when appropriate. This is followed in section 3 by a quick
description of the experimental situation, after which we proceed in section 4 to discuss the
situation of EDMs in 2HDMs with new sources of CP violation. We start by describing the
various sources, pointing out their different importance. To be specific, we then calculate
the resulting constraints in the Aligned Two-Higgs-Doublet Model (A2HDM), which has
been introduced in [15, 17] and whose phenomenology has been further discussed in [24-28].
However, the structure of the model is such that the results hold rather generally. In this
context, we point out a general cancellation mechanism for neutral scalar contributions,
which questions the way they are commonly treated in the literature. We analyze the
phenomenological constraints coming from the presently available experimental bounds in
section 5, before giving our conclusions in section 6.

1.1 Comparison to existing work

There is a huge amount of literature on EDMs, and there is no hope of reviewing it here;
instead, we refer the reader to [2, 29-32] for recent reviews. Generally, most of the analyses
in the literature are performed within the framework of supersymmetric models (SUSY)
(for recent examples, see [33-41] and also the phenomenological analysis in [30]). While
in principle the 2HDM contributions are present in these models as well, they are usually
subdominant, which is why they do not receive much attention. Especially the charged
Higgs exchange is usually negligible in these models, as it does not exhibit the strong
tan B-enhancement of other terms, which is why some of the corresponding contributions
discussed below are not incorporated at all in these analyses.

Recent studies more closely related to our work include [42—44]. In the first of these, the
authors discuss one contribution discussed below, namely the charged Higgs contribution to
the neutron EDM. The results are similar to ours,' apart from a different treatment of the
hadronic matrix element, which yields weaker constraints in our case. The second article
discusses EDM contributions in the context of Minimal Flavour Violation (MFV), including
complex phases in that framework. The authors perform the analysis in the decoupling
limit and assume a small breaking of the Z5 symmetry, as was assumed already for the
2HDM analysis in [45]. Their results are therefore relevant for a subset of our parameter
space. They conclude, as we will below, that one-loop contributions are generally not
exceeding the experimental limits. In addition, they consider a subset of the two-loop
contributions we discuss below, corresponding to the more restrictive assumptions they
make. Finally, in [44] the authors discuss a subset of MFV operators which might generate
a new phase in B mixing; the corresponding operators are not relevant in our context.

IThe interested reader can compare them using the relations 7, = ¢, and ng = —¢.



2 Model-independent expressions for EDMs

From the point of view of particle physics, the proper starting point for a model-independent
analysis is the following effective Lagrangian at the hadronic scale (here up to dimension
six, see e.g. [2]):

d} d§
EZ_Z %0}4‘%0? +CWOW+ZCff/Off/, (2.1)
f I
with the operator basis
O} = ieiﬁfFW/Uuu’%wf , O? = Z‘gslzjfC;W/O'MVP%wf )
1 abcya _vBpo 7 YA
Ow =+ [, G, Gy, O = (byoy) (bpivstyr) - (2.2)

The operators in egs. (2.2) are the (colour-)EDM operators O}Y’C for light fermions
(f =e,d,u,s), the Weinberg operator Oy and T- and P-violating four-fermion operators
Oy without derivatives (see, e.g., [46]). The factors of 1/2 for the (C)EDM operators are
included to identify the coefficients d}’c with the classical electric/gluonic dipole moment
in the corresponding limit. The analysis of their influence on experimental observables is
divided into two steps: first, the observables have to be expressed in terms of the coeffi-
cients of this effective lagrangian. This step can be done independently from the NP model
considered and is performed in this section. The necessary calculations are on the QCD,
nuclear, and/or atomic/molecular level. They typically involve relatively large uncertain-
ties. Their careful assessment is essential to obtain reliable bounds, which is why we will
pay close attention to this. In the second step, performed exemplarily for the A2HDM
later in this paper, the coefficients have to be calculated in terms of parameters of the NP
model considered, allowing to obtain the constraints on the latter.

In calculations on the QCD level, the corresponding matrix elements are often known
only up to a factor of a few, sometimes without a definite sign. There are different methods
to calculate/estimate them; while Naive dimensional analysis (NDA) [47] is still used
occasionally, mostly due to its simplicity, its estimates are known to be uncertain e.g. by
arbitrary powers of 47 (see e.g. [48]), which is why we do not consider these estimates here.
Instead we are going to use QCD sum rule estimates, where such factors are absent and
which are supposed to be uncertain “only” by the aforementioned factor of a few (depending
on the operator). The main reason for this limited precision is that for sum rules with
baryons the suppression of excited states does not work as well as for mesons. For a review
on these issues, see [2]. While ultimately progress may come from Lattice QCD, there are
severe difficulties obtaining reliable results at the moment, such that we are not aware of
available results competitive to the ones used here. Note also available calculations in the
framework of Baryon Chiral Perturbation Theory [49] (see e.g. [32, 50] for recent analyses
and references therein). There, the scaling of the various matrix elements can be analyzed
from the chiral properties of the operators, leading to a systematic classification scheme.
However, it is typically accompanied by NDA estimates, as unknown low-energy constants
prevent quantitative estimates. We therefore do not use their results here quantitatively.



The involved calculations on the nuclear and atomic/molecular level are in very dif-
ferent shape, uncertainties ranging from a few to several hundred percent; these are com-
mented upon in the appropriate subsections. These relatively large uncertainties are in a
sense of minor importance for the experimental searches, since NP contributions can easily
be larger than the SM ones by several orders of magnitude. However, they are essential
in obtaining bounds for NP parameters from the experimental limits. Readers not inter-
ested in their detailed discussion find the final expressions for the corresponding EDMs
in egs. (2.3), (2.5) and (2.31). For paramagnetic systems, we use the results from [23],
but perform an update to include the very recent measurement with thorium monoxide
(ThO) [51]; its results are summarized in table 1.

2.1 The neutron EDM

The neutron EDM can be related to the coefficients in eq. (2.1) by QCD calculations alone.
Here we collect the necessary formulae, for details see again e.g. the review [2]. This EDM
is dominated by contributions from the (C)EDMs of its constituents and the Weinberg
operator, while four-quark operators play a minor role.

The QCD sum rule calculation for the contribution from the quark (C)EDMs
yields [52, 53]

dn (d,dS) Je = (1.0%02) [1.4 (d)(un) — 0.25d7 (1n))

+ 1.1 (dS (un) +0.5dS (1n))] (aq) (pn)

(225 MeV)3’

where pp ~ 1 GeV denotes a hadronic scale. In the following we suppress the scale depen-

(2.3)

dence in the notation for brevity and evaluate at up = 1 GeV unless stated explicitly. The
uncertainty given here for these matrix elements is similar to the estimate given in [52].
However, given the results in [53], we extended the range to include lower values.? This
incorporates larger values for the normalization factor \,, determined by the matrix ele-
ment of the nucleon and its interpolating current, see [54-56].> We note that alternative
treatments are compatible within the estimated level of precision, however indicating in
some cases higher sensitivity, see e.g. [59]. Note furthermore that the quark condensate
(gq) in this formula combines with the light quark masses in the Wilson coefficients as [60]

(mu + md) <QQ> = _fT?m?T + O(mu,d) ) (2'4)

which reduces the corresponding uncertainty.
For the Weinberg operator, the contribution reads [61]*

|dn(Cw)/e| = (1.0%533) 20 MeV Cyy (2.5)

with the sign left undetermined. This expression is based on several estimates that all lead
to similar results, but is not a direct calculation.

2Note that the analytical differences have minor numerical impact.

%Note, however, that the rather large central value in [54] does lead to a too small value for the nucleon
sigma term o~n when using the sum rule in [57, 58].

“Here and in eq. (2.6) the authors state a 100% uncertainty for the result, which we incorporate as
allowing for twice and half the computed value.



Finally, for the sake of completeness, for an exemplary four-quark contribution to the
neutron EDM the sum rule estimate results in [62]

(2.6)

|dn(Cha)/¢] = 2.6 (1.0F52) x 1072 GeV? (C"d(”") +0.75 C"”’(“")> ,

my(ps) — mp()

again with an unspecified sign. Note that here four-fermion operators involving the beauty
quark, defined analogously to their equivalents with light fermions, contribute below the
b-quark mass scale effectively via an effective two-gluon coupling of the down quark, which
is also why the coupling is to be evaluated at pp ~ myp. The contribution from up-type
quarks is ignored, as enhanced couplings in that sector (corresponding e.g. to tan 8 < 1 in
a Type II model or to |¢,| > 1 in the A2HDM) are usually excluded.

2.2 EDMs of atoms

For atoms, Schiff’s theorem [63] implies a vanishing EDM in the non-relativistic limit
for systems of particles whose charge distribution is identical to their EDM distribution.
The limits from the non-observation of these EDMs are then related to violations of the
conditions for this theorem, and separated into two classes, depending on which of the
approximations is more strongly violated. For reviews on atomic calculations, see e.g.
refs. [29, 46].

In paramagnetic atoms, i.e. atoms with non-vanishing total angular momentum, rel-
ativistic effects are important, which are largely enhanced for atoms with a large proton
number [64-66], scaling at least like d ~ Z3. This implies a sensitivity mainly to the
electron EDM, but also electron-nucleon interactions are enhanced, described by

HBN:& Z (éé\f (NN)(eivse)+Cp (NiysN)(ee)+Cp (Ni'yg,a””]\f)(éa#,,e)) . (2.7)
V2 o
The coefficients of both classes of contributions are estimated in atomic multi-body calcula-
tions. In some publications, these operators are classified instead according to their isospin,

15 =S [Nrﬁ( (C§?> + cg})fg) N} (eT%e) | (2.8)
N

where X = S, P,T and the Dirac structures Fﬁf can be read off from eq. (2.7).

In diamagnetic atoms, where the total angular momentum vanishes, the finite size
of the nucleus is the main source for the violation of Schiff’s theorem. The dominant
contribution to the corresponding EDM stems from its nuclear Schiff moment, which can
be expressed in terms of the nucleon EDMs and pion-nucleon couplings, which are in turn
related to the basic terms in eq. (2.1). Although the quark CEDMs typically give the
dominant contribution, the above electron-nucleon interaction is relevant as well.

For an atom with proton number Z,, neutron number Z,, and consequently nucleon
number A = Z,, + Z,, the parameter combinations effectively contributing to the EDMs
read (see again e.g. [29, 46])

ACs = Z,C% + Z,C% and  (0)aCPr = (0n)aiChr + (0p)aCh s (2.9)



where (o ) denotes the sum over the spin of the indicated nucleon species in the cor-
responding nuclear state, and we used (0)ar = (Tp)at + (Op)as and (0)ar = (04)atl/1,
where I denotes the total nuclear spin. The spin sums stem from the quantum-mechanical
expressions derived from the pseudoscalar operator NvsN. In this equation, the contri-
bution from the first term in eq. (2.7) is seen to be additionally enhanced, because the
contributions from neutrons and protons enter spin-independently. This renders this term
dominant for paramagnetic systems, as for the other two coefficients closed shells in the
nucleus barely contribute. In diamagnetic atoms, it does not contribute at leading order,
however, which is why the relative influence of the other two terms is relatively enhanced.
In fact, if present, among the electron-nucleon interactions the third term is typically dom-
inant in this case.

In general, the definitions for C’g?t) imply a dependence of these coefficients on the
system considered. However, because of (Z, + Z,)/A = 1 and C% ~ C~'§, this is usually
neglected in the case of C's. More importantly, the ratios Zx /A are approximately universal
for the systems considered here, leading to a universal Cs even for é’g =+ C’g [23]. However,
for the spin-dependent terms the relative weights are not atom-independent, such that CN'?},T
depend on the atom if C’}%T #* C’%T. To remind the reader of that fact, we added the label
‘at’ on the corresponding quantities.

Expressed in terms of the isospin coefficients, the effective contributions correspond to

%Aés —ACY — (2, -z, and (2.10)
G -
)t Cp = (0)at C ) — ((n)at — (p)at) T (2.11)

V2

Note again that the coefficient of the triplet contribution is neither atom-independent
nor generally small in the latter case; for example, (p)xe = (0n)xe/3 and (op)Hg ~
(on)1g/10 [67], implying ((op)at — (0p)at)/(0)as ~ 1 for the latter. Note furthermore that

the coefficient for C’I(Dl) is sometimes mistakenly given as (Z, — Z,)/A.

2.2.1 The EDM of paramagnetic systems

The EDM of paramagnetic systems is dominated to very good approximation by the contri-
butions from d. and Cy, as explained above. The presently most constraining measurement
from this class is performed with ThO [51]. Their result is given in terms of an angular
frequency, corresponding to an energy shift, which can be parametrized as

w=2m (dee + WCC*S> : (2.12)
2 2

using the conventions from [23] for the atomic constants Wy .. For these, we obtain Wy =
—(3.67 £0.18) x 10?5 Hz/e cm from [68-70] and W, = —(598 4+ 90) kHz [69]. Note that the
calculations for the former are consistent; we use the value given in [70] (corresponding to
E.g = 75.6 GV /cm), and enlarge only slightly the uncertainty to 5% due to the rather large
difference to the central value in [69]. Note furthermore the consistency within uncertainties
between the explicit calculations and the analytical estimate in [71].



Input Limit for |d.| (95% CL) | Limit for |Cs|(95% CL)
Result w/o ThO [23] 1.4 x 10~%"ecm 7x 1078

Including ThO, Cs bounded by Hg 1.0 x 107%"ecm 7x1078

Including ThO, Cg bounded by ThO (n =3) | 0.35 x 10~2"ecm 2.3 x 1078

Including ThO, Cs bounded by ThO (n =2) | 0.25 x 10~?"ecm 1.6 x 1078

Including ThO, Cs bounded by ThO (n =1) | 0.16 x 10~2"ecm 0.8 x 1078

ThO only, Cs = 0, 90% CL [51] 0.089 x 10~ %*7e cm 0.6 x 1078+

T: using Wy from [69].
¥. theory errors neglected.

Table 1. New limits on the electron EDM and Cg, including the measurement in the ThO
system [51], see text.

Since each measurement only constrains a combination of the two contributions, con-
servatively no constraint on the electron EDM alone can be obtained from any single
measurement. The combination with previous measurements, performed with thallium
(T1) atoms and ytterbium fluoride (YbF) molecules [72, 73] allows for a model-independent
determination of the electron EDM, which improves significantly using in addition informa-
tion from the mercury (Hg) system [23], see figure 1. However, in contrast to the situation
in [23], the Hg measurement does not provide a competitive bound on Cs compared to
the ThO one when setting d. to zero. Therefore, this procedure results in an extremely
conservative bound,

de| <1.0x 107*ecm  (95% CL), (2.13)

which is allowing for arbitrarily large cancellations between the different contributions and
includes conservative estimates for the uncertainties of the various coefficients. In addition
to this value, we obtain additional ones using assumptions on the maximal amount of
fine-tuning: we restrict the contribution from Cys alone not to exceed n = 1,2, 3 times the
measured limit for ThO and use this as an additional constraint, thereby using effectively
the ThO result twice. While this is clearly not as rigorous as the above limit, it is still more
conservative than the common procedure to set the contribution from the electron-nucleon
interaction simply to zero. This yields the inner solutions in figure 1; the corresponding
upper limits for d, and C' are given in table 1, together with the values quoted in [51], which
are obtained by setting the other contribution to zero and neglecting theory uncertainties.
Note that, with a second competitive measurement, d. and Cg can be extracted again
without additional assumptions, see again [23]. In the phenomenological section below,
we use all values presented in table 1, in order to demonstrate the progress due to the
new measurement and to compare the various upper limits. We consider n = 2 already
a conservative choice, since there is no dynamical relation between the two contributions,
rendering large cancellations unlikely. Nevertheless, the necessity to introduce this kind of
assumption demonstrates the importance of independent measurements in other systems,
ideally with strongly differing values for the ratio Wy /W, like, e.g., rubidium.
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Figure 1. The constraint for the electron EDM (95% CL) from the measurements in paramagnetic
systems, see text. Left: global fit in comparison to the results from [23]. Right: zoom, showing
only the ThO measurement [51] and the global fits.

2.2.2 The EDM of diamagnetic atoms

For diamagnetic atoms mainly finite-size effects of the nucleus determine the EDM. More
specifically, its main source is the CP-odd nuclear Schiff moment® [63]. Although contri-
butions from the nucleon EDMs are present as well, it is dominated by T, P-odd nuclear
forces. These are represented by the interference of CP-even and -odd pion-nucleon interac-
tions, the latter of which depend on the CEDMs of the up and down quark and four-quark
operators (see again e.g. [29]). All of the necessary calculations are very involved, and
the wide range of results indicates that the related theoretical uncertainties are large; for
recent discussions see, e.g., [32, 34].

The first step, namely relating the atom EDM to the Schiff moment, is parametrized as

S

di2(S) =107 Teem x C3Y 5 % 30
efm

ot (2.14)
with the constant Cgﬁhiﬁ being the result of multi-particle computations, modeling the
electron-nucleon configurations in the corresponding atom. Due to the recent measurement
in [78], the interest in these calculations has increased especially for Hg, leading to two
recent results [67, 79],% from which we infer

H
Cl8 = —2.6+0.5 [67, 80], (2.15)

5Note that the operator used in the corresponding calculations receives corrections, the precise form of
which are under discussion [74, 75]. These corrections are, however, suppressed by 1/Z and therefore not
relevant for the heavy systems under consideration here. Furthermore, there are relativistic corrections at
the level (Za)? [76, 77], which are included in a subset of the calculations, only.

®Note that we disagree with the statement in [34] that the sign of one calculation were incorrect.



ref. ag [e fmg] ay [e fmg] b [e fm?’]
[87] 0.00004 0.055 -

[88] | 0.010 (0.002-0.010) | 0.074 (0.057-0.090) -

[84] (0.009-0.041) (—0.027-0.005) (0.002-0.013)

T Note that we do not agree with the authors of [34] in that the SITI Skyrme interaction
results in [84] were the most trustworthy of their calculations. In fact, it is shown in
ref. [88] that this interaction yields the worst results in reproducing the observables
which can be used as experimental crosschecks, which is why the authors of [84]
themselves regard it as critical.

Table 2. Recent calculations for the coefficients relating the Schiff moment of mercury to the
CP-violating pion-nucleon coupling constants. The values singled out in the second line are the
“preferred values” quoted in the corresponding publication, the values in brackets show the range
of values obtained with different Skyrme interactions, where available.

which is now in agreement with the updated value of [79] (the preliminary result reads
Cé{ciiff = —2.46 [80]), strengthening the confidence in these calculations. The value also
agrees with the earlier calculation [81] and is reasonably close to an old estimate [82].

In the next step, the Schiff moment is related to the CP-odd and -even mIN N coupling
constants [83], parametrized as [84] (note the different sign conventions for these constants

used in the literature)

S = gzNN [(ao+b)§7(r%N+a1§7(r1]3,N+(az—b)ggzw . (2.16)
The isotensor coefficient is set to zero in the following, as its effect is suppressed by an
additional factor of the mass difference of light quarks [85]. The CP-even coefficient is
given by grnny = 13.17 £ 0.06 [86], the uncertainty of which is negligible in this context.
The corresponding nuclear calculations for mercury span a wide range and have in the
case of a; also different signs in some of the calculations, see table 2. While in principle
the calculations in [84] are more advanced than the previous ones, for mercury at some
stage all the interactions used show problems, and the differences between the calculations
are not well understood [84]; in absence of errors in one or several of the calculations,
the problem might stem from the fact that mercury is a soft nucleus [84]. We therefore
estimate conservatively the following ranges:

ap+ b= (0.028 £ 0.026) e fm® and a; = (0.032 £ 0.059) e fm?, (2.17)

covering the full range of results shown in table 2. We note that the possibility of vanishing
a1 implies that no constraint can be obtained conservatively on the corresponding isovector
combination of CEDMs. Below we will show results for a representative value, in order
to illustrate the potential of this observable, given a more reliable theoretical situation.
Regarding the coefficient ag, we point out that the tiny value obtained in [87] might be
the result of accidental cancellations, see the discussion in [88]. Finally, the parameter b
has so far only been calculated by one group; given the unclear situation, an additional
independent calculation would be worthwhile.

~10 -



In the last step, the CP-odd mNN N-couplings have to be related to the (C)EDMs of
quarks. For this, typically a relation from the partially conserved axial current is used for
the pion and QCD sum rules for the remaining nucleon matrix elements of quark currents.
The main difficulty in this case is that for baryon sum rules in external fields the Borel
transform does not exponentially suppress the contributions from excited states, leading
to a large uncertainty. For the isovector coupling, this can be improved by tuning an
unphysical parameter to suppress these higher order terms, leading to [85]

(7} = (94 x 10-12 du—dy  |(qq)l 9218
gﬂNN( ) (221) X 10=26¢m (225 MeV)3 (2:18)

In the isoscalar sector a similar tuning is not possible, allowing for [85]

12.du+ds_|(qq)l
10=26¢cm (225 MeV)3’

thereby also questioning the sensitivity to this combination of CEDMs. An additional

7% = (0.5+1.0) x 10 (2.19)

contribution to g7(r1]3[ n comes from four-quark operators, reading [33, 62, 89, 90)7

_(1 qq -
W (Cag) = G 5 Coa (¥ laa| ) 20
i q=d,s,b
(79) < TN 220 MeV omy )
= Cag—N— 4+ Cyqr + Cha—2(1 - 0.255 2.21
or. \ G an— M s ( ) (2.21)
= —(6+3) x 1073GeV? (O.GCdd 433605 (1= 0.25/<;)de> . (2.22)
my mg my

where naive factorization has been used for the four-quark matrix elements. Here s
parametrizes the uncertainty in the strange quark content of the neutron, we use o,y =
(N|myau 4+ mgdd|N) = (59 £ 7)MeV [92], and 3 = 11 — 2n;/3 for n; light quarks [90].
Recent lattice studies [93-96] (see also [97-101]) indicate a smaller value for x than as-
sumed previously (see e.g. [102] and references therein), thereby reducing the influence of
the strange quark on EDMs. However, while agreeing on a smaller order of magnitude, the
range implied by these calculations is still relatively large. We combine them to arrive at
(N|mgss|N)

where we again chose a conservative range for the central value, reflected by the second
uncertainty, while the first one is of statistical origin. However, as for the neutron, the
four-quark contributions are subleading in 2HDMs, see the discussion in section 4.

The Schiff moment receives contributions from the nucleon EDMs as well. While
this contribution is not expected to be dominant, the resulting constraint for the neu-
tron EDM is actually of the same order like the one from the dedicated experiments;
using e.g. eq. (2.14), the range for C’é{iiﬂ given in eq. (2.15) and the expression S(d,) =
1.9 fm?d, [103] (for simplicity with its central value), we obtain |d,| < 7.8 x 10~ ?0¢ cm,
which is only about a factor of two weaker than the present direct limit [104]. However,
there is no way to combine these limits, therefore we just consider the latter in the following.

"Note that we correct here several typos with respect to the numerical evaluation in [62]. Our result
also slightly differs numerically from the one quoted in [33]; we use in the evaluation eq. (2.4), together
with [91] m(un) = (M (pn) + ma(pr))/2 = 47799 MeV, fr = 92.4MeV and m, = 137 MeV.
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Additional sources from electron-nucleon interactions and the electron EDM are
present. Regarding the latter, the value usually used in the literature for mercury reads
dng(de) = 1.16 x 1072d, [105]. The corresponding calculation, however, shows a high sen-
sitivity to higher order effects; the “corrections” to a previous estimate [106] amount to
~ 200% and change the sign. The authors point out the sensitivity to correlation effects
(which have been found to be large for mercury for the coefficients discussed above), mak-
ing a new calculation mandatory. In light of this situation we do not see a way to extract
a meaningful upper limit on the electron EDM from mercury until the theoretical situa-
tion improves. However, even taking the central value quoted above, the bound would be
weaker than the one from paramagnetic systems.

The electron-nucleon interactions are induced via the three operators in eq. (2.7). In
this case, the C'g contribution is suppressed, as to leading order its contribution from closed
electron shells vanishes; generically this leads to a dominance of the term proportional to
Cr, if it is present. However, for the 2HDMs considered here, only the scalar-pseudoscalar
operators are present. The contributions proportional to Cp are often neglected, as its
coefficient is one order of magnitude smaller than the one of C'g, even in this case, due to the
suppression by the nucleon mass. However, expressing the corresponding matrix elements
in terms of coefficients of the four-fermion ones shows basically the opposite behaviour,
rendering the sensitivity to fundamental parameters similar. All types of contributions are
relevant in some part of parameter space [33].

Given the large theoretical uncertainties in the contributions to the Schiff moment,
the constraints on the electron-nucleon interaction might be the most important one at the
moment. The coefficients in the relation dyg (C’g p) are obtained again in atomic calcu-
lations; usually only the coefficient of the tensor operator is calculated and approximate
analytic relations are used to obtain the others® [29, 67, 106, 107]:

| _ _
Cs7 4 19x10° (140.32%7) YA« Got(g)  and (2.24)
- AL/3
Ch 3.8 x 103701TV, (2.25)

where 1 denotes the magnetic moment of the nucleus in terms of nuclear magnetons uy. We

expect the uncertainty for these relations to be relatively small, as also indicated by a recent

explicit calculation for a variety of atoms [67], which is why we neglect it in the following.
For the tensor coefficient, parametrized by

di (Cr) = C2E x 1072°C} B (a)e em, (2.26)

T

recent results read C’gfj = —5.1 [67] and C’gf = —4.3 [79]. Thus, using eqgs. (2.24)
and (2.25), we obtain

ditg (OS, ép) = (1.0£0.1) (—4.7 Cs +0.56 ép) x 10 2¢ cm, (2.27)

where we used ppy = 0.506 uy” and (o) = —1/31/I, the estimate from a simple shell
model for the nucleus, and the common convention d = dI/I.

®Note the different conventions for d’;” in different publications, e.g. d2;* = (o)d2;" versus d;7 =
I/1d%:".

9Source: WebElements (http://wuw.webelements.com/).
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The next step is to relate the coefficients 6'57 p to the effective operators discussed above.
The contributing operators are four-fermion operators with electrons and light quarks, and
an effective electron-2-gluon vertex from integrating out the heavy quarks. Again neglecting
the up-type quark contributions, they can be parametrized as follows [33, 62, 89, 90]:

- . 220 M 2
Cg — (CdeUN by Z2OMV L 2N g 0.25;<;)> (2.28)
My, + My mg Sme
é € CN’Se C~’ e
= (0.040 9e 1 0.220 K—¢ + 0.070(1 — 0.25k) —2 ) GeV, (2.29)
mq ms my

where the same matrix element appears as for Cyy, see eq. (2.20). The missing ingredients
are the expressions for Cp in terms of the coefficients of four-fermion operators. We use
the estimates for the isospin coefficients (cf. egs. (2.8) and (2.11)) [33, 90]

Ceq

~(0

O ~ ~0.375 GeV o and
q=s,b

- C. C.

O ~ —0.806 GeV—<? —0.181 GeV Y~ (2.30)
my oy my

again neglecting up-type quark contributions.
Finally, from these considerations we obtain the following result for mercury:

ditg = {~(1.0£0.2) (1.0 £0.9) gy + 1.1 (L0 £1.8) 5 v )
+ (1L0£01) x 1077 [~4.7C5 +049Cp| } x 1077 eom,  (2.31)
with the expressions for gfrljé]])v given in egs. (2.18), (2.19) and (2.22).
The possible vanishing of the coefficients of the isoscalar and -vector CEDM contri-
butions implies that conservatively no bound can be obtained for them. Usually these
contributions are assumed to be the dominant ones in this system, underlining the impor-

tance of theoretical developments to clarify the situation. Below, we will show the limits
that would result for the central values in eq. (2.31), however only for illustration purposes.

2.3 Renormalization of the effective operators

To connect the relevant Wilson coefficients at the hadronic scale with the short-distance
calculation at the electroweak one, the renormalization group running has to be taken
into account. In general, QCD effects tend to reduce the value of the different coefficients
(see e.g. [108]),!0 apart from the four-quark one [109, 110]. We neglect its mixing into
the CEDM because of its smallness; however, we take its enhancement into account in
the estimate below. As pointed out in [108], the mixing of the CEDM- into the EDM
operators constitutes a large effect. On the other hand, we consider the NLO running of
minor importance at present, given the large uncertainties in the hadronic matrix elements.

10Note that the anomalous dimensions of the operators Oy and O} have been used with the wrong sign
in several publications in the past.
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Furthermore, the mixing of the Weinberg operator into the CEDM ones is of higher order
in a; and therefore neglected in the following. For models, in which this is not the case,
the operator mixing has recently been discussed in [110]. Denoting C = (d} /2, djg /2, C’W>
(see eq. (2.1)), this results in the following leading order expressions [108, 111-113]:

dCq(k) _ as() (_oN\" :
= h 2.32
dlog i 47 (7‘1 ) Cqlp),  wit (2.32)
v 0 0
Véo) = | Ycy,q VO 0
0 0w
2Ckg 0 0
= | 8Crqq 10CF — 4N¢ 0 , (2.33)
0 0 Nc +2ny

where 8y = (11N¢ — 2ny)/3, Nc = 3, Cr = 4/3, ny denotes the number of active flavours
and g, = 2/3,—1/3 the charge for up- and down-quarks, respectively.

As we expect the Higgs masses to be of the order of m; (as is the mass of the already
observed scalar), we choose pf ~ my as the common matching scale where top quark and
scalars are integrated out. We use the solution to eq. (2.32) to scale down to p ~ my,
where in addition the beauty quark is integrated out, thereby matching Obc onto Oy . The
matching condition reads [112, 114]

3 dC’
Corlu) = O (1) + o B 00)

8m2my 2 (2:34)

where u;(,ub_) refers to the same scale pp, but in the ny = 5(4) theory, respectively.
We emphasize that this matching, together with the larger anomalous dimension of the
Weinberg operator, implies a relative enhancement of the contribution involving charged-
scalar exchange compared to the one involving neutral scalars, as the suppression from
the running is weaker for the CEDM contribution. When going to the ny = 3 theory, the
charm contribution to Cy becomes local, which is however severely suppressed because of
me < my, and therefore neglected. The solution of eq. (2.32) reads

dq (pn) dg (perr) Yoy dS (perr)
=n"™ + N — ) —n=—= 2.35
2 2 W= e ( )73 (2.35)

d¢ d¢
q (2Hh) — ngchngccnfcbq(gm , and (236)
3 c
K K K ke 9 (:ub) db (lu’tH)

v ) = 12552 (7% o )+, o ) ) (237)

where we introduced n;—; = as(wi)/os(pt5), 1 = N, and K; = v;/(26p). For the sake of
simplicity, eq. (2.35) is displayed for constant ny throughout the integration, but its change
is taken into account in the numerical analysis.

Finally, regarding the Wilson coefficients of the semileptonic four-fermion operators,
we note that they scale like the quark masses, therefore the combinations Cye/m, and
Ceq/my are scale-independent.
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System | Present limit (|d|/(e cm)@95% CL) | Expected limit (ST/MT)
n 3.3 x 107261 [104] O (10727/1072%) [116-123]
e < 1.0 x 10727 see table 1 O (1072/10731) [124-133]

19Hg 3.1 x 10722 [718] <1x107% @

129X e 6.6 x 10727+ [136] O (1073%) [137, 138

“Information taken from [134]; see also [135].
T: converted to 95% CL, in the publication given at 90% CL.
¥ given in the paper as (+0.7+£3.3+0.1) x 10~?"ecm.

Table 3. Present limits on absolute values of EDMs at 95% CL for the most sensitive systems,
together with short term (ST) and mid term (MT) expected sensitivities.

3 Experimental status

At present, the limits most sensitive to the various sources discussed above stem from
searches for EDMs of T1 [72], YbF [73], ThO [51], Hg [78] (see also [115] for a more
detailed discussion) and the neutron [104], see table 3. The physical origin of their EDMs
is quite different, making them complementary sources of information. Although these
limits have different orders of magnitude, their different dependences on the fundamental
parameters of the theory actually lead to similar sensitivities.

Several developments allow to expect significantly improved bounds or a non-zero
measurement in the near future, see also e.g. [2, 29-32]. The first option is to reduce the
uncertainties within the established methods, but in the longer term techniques exploiting
different features like octupole deformation hold the promise of qualitatively improving the
sensitivities further. Regarding octupole deformation, important experimental progress
has been reported recently in [139)].

There are several experiments for the neutron EDM planned and running or under con-
struction (see [140] for a recent result and again table 3) using different techniques to obtain
higher neutron densities to achieve an up to two orders of magnitude improved bound.

Regarding the electron EDM and the electron-nucleon coefficient Cyg, with the ex-
periments for thallium completely dominated by their systematic uncertainties, significant
advancement seems difficult within this system. An improvement, again up to two orders
of magnitude, might come instead from the cesium, rubidium and francium systems [124—
131], which can be stored to obtain longer oscillation times. The expected limits correspond
to probing the electron EDM down to < 107%?¢ cm in the midterm future (2-3 years), and
even 1073!e cm has been envisaged for the farther future in [129]. Further measurements
with YbF are expected to strengthen the present limit in the short term [73] and various
experiments are underway to gain sensitivity down to ~ 1073% cm or further [132, 133]
(see e.g. [31, 32] for a more complete list). A key technique is the rejection of systematic
errors by using the so-called 2-doublet structure of a subset of paramagnetic molecules
(characterized by two very closely lying states of opposite parity, leading to an extremely
high polarizability), as demonstrated in the recent experiments [141] — so far obtaining a
less stringent limit than the one from YbF — and [51].

~15 —



In the context of the analysis in [23], the expected presence of several measurements
with similar sensitivities will allow to improve model-independently the limits on the elec-
tron EDM as well as the constant Cy, taking into account possible cancellations and at
the same time removing the input from the Hg system and assumptions on fine-tuning.

In the future, trapped molecular ions might also be used as sensitive probes for EDMs,
however, at the moment there are still severe experimental and theoretical challenges to
overcome. Finally, also solid state systems are being explored as sensitive probes for the
electron EDM [142, 143]. While again some experimental as well as theoretical progress is
necessary before competitive results can be achieved, recent results show the progress in
this field [144].

For diamagnetic systems, apart from some improvement from the Hg system itself [78,
134, 135], significant improvement is aimed at using xenon ('2?Xe), for which the theo-
retical treatment is similar to the one described above. Further progress is expected with
different enhancement mechanisms like intrinsic octupole moments and, related to that,
closely neighboured parity doublets, which allow for large enhancement factors for the
corresponding Schiff moments. Prominent examples are radium and radon; however, the
calculation of the corresponding matrix elements is more complicated, making again the-
oretical uncertainties a critical issue. Furthermore, also diamagnetic molecules are under
investigation. A first measurement exists in the T1F system [145], but the planned experi-
ments are expected to improve greatly on the present limits, see again e.g. [31] for a recent
list of experiments. Generally, due to the various possible contributions to the EDMs,
measurements in different diamagnetic systems are even more necessary to disentangle the
sources and potentially differentiate between NP models. Ultimately, this could be done
in an analysis similar to the one in paramagnetic systems [23], but for that a lot more
information than presently available is necessary.

Finally, new techniques are being used for measuring the EDMs of charged particles
directly by using a storage ring [146-149], e.g. for muons, where the present limit stems
from a storage ring experiment already [150], the proton [151], which is supposed to be
tested down to 1072%¢ cm, or the Deuterium nucleus, which has the advantage of being
lightly bound and allowing thereby to circumvent the large uncertainties present e.g. in
the nuclear calculations for mercury. There are also proposals to use the technique for
molecular ions, see e.g. [152, 153].

4 EDMs in 2HDMs

We now address the model-dependent second step in relating EDMs to model parameters,
i.e. calculating the relevant effective coefficients in specific models. The model dependence
is in some sense more severe in EDMs than for other observables, for the following reason: as
generic one-loop contributions are excluded already, an additional mechanism is necessary
to render them small. This implies that the usual power counting is not sufficient, but
that this suppression mechanism has to be incorporated. As a result, even if a NP model
has a 2HDM as an intermediate effective theory, this does not necessarily imply that limits
calculated at that level hold for the full theory, as can be seen e.g. in many SUSY models.
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In this section we limit the discussion to 2HDMs. While generally even for these, limits
cannot be given model-independently, we hold the discussion as general as possible, and
the results, while given in the parametrization of the A2HDM, can be easily transferred to
other frameworks.

4.1 Contributions to EDMs in 2HDMs

We start by listing the contributions to the different effective operators in eq. (2.1) within
a 2HDM. As most recent analyses have been done within a SUSY framework, we will
comment on the differences to the situation there when appropriate.

e Four-fermion operators: they induce the leading contributions in the SM [2], but
there their effects remain extremely small. In 2HDMs, they are induced by CP-
violating Higgs exchanges. While they can have contributions at tree level, in that
case a further suppression by two light-fermion Yukawa couplings applies. If these
are proportional to (or of the order of) the corresponding masses (as e.g. in models
with a Z9 symmetry, the A2HDM, MFV, Type III, . ..), the ones with light fermions
are suppressed to an acceptable level. The proportionality implies also that the
induced coefficients divided by the corresponding masses are family-universal. Those
involving heavy fermions do not contribute directly, but induce higher-dimensional
operators like (ff) GG, again on an acceptable level, cf. eqs. (2.6) and (2.22).

There are two categories: CP-violating four-quark operators contribute to the nu-
cleon EDM directly, or to the Schiff moments of nuclei by inducing CP-violating
meson-nucleon interactions. As we will show below, for Higgs couplings of the or-
der of the fermion masses, in the 2HDM both contributions are subleading and can
be neglected. In SUSY, they can receive contributions proportional to tan? 3 from
threshold corrections, rendering them more important there and even dominant for
very large values of tan § [62, 154].

The second category consists of semileptonic operators. These induce CP-violating
electron-nucleon couplings in atoms, as discussed in section 2.2. While in principle
they are as suppressed as their four-quark equivalents, they receive very strong en-
hancement in heavy atoms due to the large number of nucleons and electrons, making
their inclusion mandatory.

e Weinberg operator: the contribution to this operator starts at the two-loop-level in
2HDMs, schematically shown in figure 2(a). It is neither suppressed by small quark
masses nor by small CKM elements, and therefore is expected to be large. However,
for two reasons it is not completely dominating: first, the matrix element given in
eq. (2.5) is of the order of a light quark mass instead of a typical hadronic scale, and
second the RGE running yields a strong suppression, see eq. (2.32). As mentioned
before, the second point is also the reason why, contrary to naive expectations, the
neutral Higgs contribution is generally suppressed compared to the charged one,
cf. section 2.3. In SUSY, the graphs discussed here are typically subleading, which is
why they are often ignored.
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e (C)EDMs of light quarks: in the SM they vanish at the one- and even the two-loop
level, leading to a tiny result [155]. In a general 2HDM, however, they can be gen-
erated at the one-loop level and are by far the leading contributions, which is why
an additional mechanism for their suppression is necessary. An example are mod-
els with a Z; symmetry, where these loops are CP-conserving like in the SM. In
the A2HDM, but also more generally in models where the Higgs couplings are re-
lated to CKM-matrix elements and quark masses, the one-loop contribution for the
light fermions is suppressed by at least one corresponding mass factor, together with
factors like m7, /M7 . |Via|* or m% /M2, |Vup|* (U = u,c,t, D = d,s,b), rendering
them one to two orders of magnitude smaller than the contributions discussed in the
following. The reason is that the latter factors are circumvented in Barr-Zee(-type)
diagrams [156-158], see figure 2(b), which is why these two-loop contributions dom-
inate in this class of models. The corresponding contributions are given later in this
section. They receive contributions from neutral scalars, discussed in the above pa-
pers, but also from charged ones. These contributions have been discussed partly e.g.
in [159-161], but to the best of our knowledge e.g. the ones for the down-quark EDM
with a top and beauty quark in the loop are still missing. To construct a Barr-Zee
diagram with a charged Higgs, a second charged current is necessary; therefore there
are no contributions to the CEDMSs from these graphs.

In SUSY, there are more one-loop contributions from loops with gauginos and
sfermions, generally leading to strong bounds on the imaginary parts of the cor-
responding couplings. From the Higgs sector, the two-loop contributions again dom-
inate, due to the arguments given above.

e Electron EDM: the SM contribution to this is tiny, as for m, — 0 it vanishes even
on the three-loop level [162]. In 2HDMSs, the one-loop contributions are real unless a
neutrino coupling is involved, which is why the dominant contributions are again on
the two-loop level, from Barr-Zee diagrams. In SUSY, already on the one-loop level
sizable contributions appear from gaugino-slepton loops, therefore again the Higgs
contributions do not receive that much attention.

Because of the arguments given above, we will explicitly consider only the contributions
stemming from the two-loop diagrams and the semileptonic four-fermion operators impor-
tant for atoms and molecules. It should be emphasized again that the limits obtained
within 2HDMs are sensitive to the UV completion of the model, as their sensitivity to
two-loop contributions already shows. Especially in SUSY there are usually large one-loop
contributions dominating, which are not included here.

The contributions listed above are related to different sources of CP violation in
2HDMs: while e.g. the charged Higgs contribution to the Weinberg operator stems only
from CP violation in the Yukawa couplings of the model, diagrams involving neutral scalars
in general receive contributions from the Higgs potential as well. Before providing results
for specific diagrams, we discuss the different classes of contributions, pointing out their
general features.
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Figure 2. Classes of diagrams contributing to EDMs. (a) Contribution to the coefficient of the
Weinberg operator. (b) Expample of a Barr-Zee diagram, contributing to all (C)EDMs. (c) Generic
four-fermion contribution.

4.2 Charged Higgs contributions in 2HDMs

The Lagrangian for charged Higgs exchange can for vanishing neutrino masses be
parametrized as

V2

HE _
Ly =——
v

H* {u [ngMdPR G MIVPL|d + quﬂDRl} +ohe,  (41)
where V is the CKM mixing matrix and the form reflects the fact that we will be mostly
concerned with the A2HDM, where ¢, 4; are complex numbers of O(1); for a general
2HDM, they are arbitrary matrices and the dependences on the quark mass matrices are
artificial, i.e. just a possible normalization. Note that we consider the latter form simply as
a phenomenological parametrization. For the contributions calculated explicitly below, this
implies only the generalization of the factors ¢, 4;. However, when these elements are indeed
arbitrary, other contributions are possibly dominant, since especially the suppression for
the one-loop contributions to (C)EDMs explained above can be spoiled. If the scaling does
approximately hold, the bounds obtained below are valid for the corresponding generalized
couplings.

4.3 Neutral Higgs contributions in 2HDMs
The flavour-diagonal Higgs couplings are parametrized analogously as
o _ 1 07,
L = Z ei fypt MgPrf + h.c., (4.2)
@.f

with the fields gp? = {h,H, A} denoting the neutral scalar mass eigenstates. Introducing
the notation F'(f) for the species of a fermion, e.g. F(u) = F(c) = F(t) = u, we write the
fermion couplings to neutral scalars as

0 .
yit =R+ (Ri2 +iRis) (sp(p);; for F(f)=dl, and (4.3)

0 . *
y7' =R+ (Riz — i Ris) (gp(n)ff for F(f)=u, (44)
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to allow for the general form of ¢, 4;. Here, R is an orthogonal matrix defined by ./\/lzliag =
RM?RT, relating the mass eigenstates to the neutral scalar fields S; in the Higgs basis,
where @] = [GT, (v + 51 +iG°) /v2] and ®] = [HT, (S, + iS3) /2], and the fields G
are the Goldstone bosons absorbed by the gauge bosons: ga? = R;;S;. In a general 2HDM,
the ¢, 4, are the matrices introduced in eq. (4.1), only the diagonal elements of which are
relevant here.

The fact that these interactions involve three neutral bosons, two of which have un-
known masses, and that the matrix R depends on the scalar potential, which is largely
unknown so far as well, renders these contributions very hard to deal with phenomenolog-
ically, even when a specific model like the A2HDM is assumed. To avoid these difficulties,
in the literature typically the dominance of the contribution from the lightest scalar is as-
sumed; this is however problematic, as we will discuss below. While we will still apply this
assumption occasionally to obtain indicative numbers for the neutral couplings, we can also
include new information compared to earlier analyses: thanks to the huge amount of data
collected recently by the LHC experiments and to lesser extend the Tevatron ones, we have
some information already on the matrix R. The collider data shows that the Higgs-like
state discovered at the LHC couples to WTW ™ and ZZ with a strength close to the SM
one; assuming that it corresponds to the lightest neutral scalar h, one gets |R11| > 0.80 at
90% CL [27, 163]. The orthogonality of R implies then /|Ra1|? + |R31]|? < 0.60 at 90% CL.

We now return to the assumption of dominating contributions from the lightest Higgs.
Since EDMs are T and therefore CP violating, the contributions from neutral scalars
typically involve the combinations Re (y??> Im (y;f,? ) While the rotation matrix R is
unknown (to the extend discussed above), we do know that it is orthogonal. This property
yields one central relation for these couplings ({4; = 1, &, = —1):

ZRG (yf(’)> Im (yf?) =&y Im |:<g;;(f)>ff ((F(f/))f,f,:| . (4.5)

This sum is therefore independent of the scalar potential and obviously vanishes for f = f’,
couplings ¢ s with identical phases (e.g. real couplings, as for example present in Z; models
or MFV as defined in [45]), and also for F'(f) = F(f’) when the ¢s s are family-universal (as
in the A2HDM). In the expressions below, the terms are weighted typically by some function
of the neutral Higgs masses, making it most relevant for degenerate Higgs masses. However,
the expression implies that all contributions stemming from CP violation in the potential
involve mass differences of the neutral scalars, and that generally large cancellations can
be expected in the neutral sector.

The precise form of the matrix R depends on the potential for the scalar fields;
note that in general the mass eigenstates do not correspond to CP eigenstates. For a
CP-invariant potential, specifically, the rotation takes the simple form

cosa sina 0

Rcecpc=| —sina cosa 0 | , (4.6)
0 0 1
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where & is often denoted a — 8 in Z5 models, leading to

0 0
Reyy Imy:' = —Im(s,) sin @(cos @ + Re(s,) sin @) ,
Reyqulmyfg = —Im(g,) cos &(—sin & + Re(s,) cos &) ,
0 0
Rey,*Tmyy® = Im(s,)Re(sy), (4.7)

with similar expressions for the remaining combinations. Note that in this case all con-
tributions vanish for real ¢, 4, while in general mixing between the CP-odd and -even
components can induce CP violation as well.

The general argument above is strengthened by a second important observation,
namely that the scalar mixing angles are not independent of their masses. To be spe-
cific, let us consider the limit where the second scalar doublet ®5 receives a very large
mass and decouples from the low-energy effective theory. In this limit, the (SM-like) light
Higgs has a mass M, }% ~ QO (02), while all the other scalars become heavy and degenerate,
ie., MIQ_I = Mfl = Méi up to corrections of O (1)2). If the potential is CP symmetric, the
mixing angle in eq. (4.6) vanishes in the decoupling limit: tana ~ O (UQ/M?_Ii). More
generally, allowing for CP violation in the scalar potential, this limit yields the following
form for the scalar mixing matrix:

1 0 0
Raec = | 0 cosop —sinfep | + O (v* /ML), (4.8)
0 sinfcp cosfcp

with some potential-dependent angle fcp which vanishes if CP is conserved.!! This implies
Imy?(f = 0 and, therefore, the cancellation of eq. (4.5) takes place only between 908 and
cpg, which in addition have equal masses in this limit. Thus, in the absence of complex
Yukawa couplings, the sum of scalar contributions would vanish even with mass-dependent
weight factors. This fact is sometimes overlooked in the literature, leading to claims of
non-vanishing contributions in the decoupling limit which are not correct in this context.

Together, these observations imply two strong statements:

1. For a vanishing right-hand side in eq. (4.5), EDM contributions from neutral scalars
in 2HDM vanish for small as well as very large mass differences. Therefore, generally
large cancellations can be expected.

2. Even with the right-hand side present, the only contribution not suffering this sup-
pression stems from the factors ¢, 4; which determine also the charged Higgs inter-
actions.

In both cases, the approximation of simply taking the contribution from the lightest Higgs
is not a good one; specifically, it is not conservative.

"The exact relation is tan (20cp) = Im(Xs)/Re()s) with A5 one of the scalar potential parameters
defined in [27].
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4.4 The Aligned Two-Higgs-Doublet Model

We are now prepared to proceed and give the expressions for the relevant coefficients within
specific models. We do this exemplarily for the A2HDM [15, 17]. We discuss here only
the constraints from EDMs; for other phenomenological constraints, see [24-27].

In the A2HDM, the problem of FCNCs is circumvented by assuming at some scale
A4 alignment of the two Yukawa matrices present for each fermion species. The flavour-
changing Higgs couplings are then determined by the CKM matrix and the three complex
parameters g, ¢; mentioned above, constituting new sources for CP violation. The various
models with Z; symmetry appear as limiting (CP-conserving) cases of these parameters,
see [15]. While renormalization induces some misalignment, the structure of the model
prevents these effects from becoming sizable [15, 17, 164, 165]. Note, however, that the
operators additionally generated by the misalignment are not relevant in this context, since
they are not flavour-diagonal.

The resulting Yukawa couplings have the form given in eqs. (4.1) and (4.2), where
now ¢, q; are complex numbers of O(1) instead of matrices. Specifically, as mentioned
above, the right-hand side of eq. (4.5) vanishes in this case for two fermions of the same
electric charge.

We now turn to calculating the expressions for the different classes of diagrams in
the A2HDM, contributing to the effective coefficients in eq. (2.1). The phenomenological
analysis of these expressions is postponed to the next section.

4.5 Four-fermion operators

For the four-fermion interactions, cf. figure 2(c), we obtain for the A2HDM

Crp =V2Gr Y. m]g%f’ Re <yf°) Im (yfo) . (4.9)
i ¢S

Because the neutral Higgs coupling y?g is identical for fermions of the same charge, the
ratio Cypr/(mygmys) is rendered family-independent. As noted above, the electron-quark
couplings are important for the EDMs of atoms and molecules. An estimate of the contri-
butions for the neutron from four-quark operators on the other hand reads

_ 0 0 (125 GeV)?
dfbf ~ 7 x 107 %8¢ cmZReyﬁl Imygl (]\/[2) )
X 0

i 5

(4.10)

where we included the RGE enhancement by an approximate factor of five, cf. [110]. Note
that additionally the cancellation discussed above has to be considered. This implies at
most a moderate contribution, which is well below the two-loop contributions discussed
later. Therefore, we neglect it in the following. An analogous statement holds for mercury.

4.6 The Weinberg operator

As mentioned before, the Weinberg operator is of special importance, as its contribution is
neither suppressed by light quark masses nor by small CKM elements. Here we have calcu-
lated the different contributions in the A2HDM; our results agree with the results obtained
in [8, 166] when translating them into the language of complex propagators used there.
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4.6.1 Charged Higgs contribution

As described in section 2.3, we perform the analysis of the charged Higgs contribution in an
effective field theory framework [112, 114], which simplifies the problem to the calculation
of one-loop diagrams. The corresponding amputated diagram contains contributions from
two operators; the correct coefficient can be read off from the Dirac structure +*¢~s, for
which the additional contribution is absent [167]. Our result reads

d[?(utH) GF 1 2
U A N V4 Im *
5 /2 16 5 1 Viol “m(pemr) Tm(<asy) wem <(

log(ztm) g — 3
4.11
e — 1)3 + 2wy —1)2) 7 ( )

where zy = mi/MZ%., which is to be used in eq. (2.37) to obtain its contribution to
Cyw. We have checked that this result agrees with [114], noting that their Lagrangian for
charged Higgs exchange corresponds to ours for n = 2 scalar doublets, —Y72/Y11 = ¢, and
Y29/Y21 = —¢4. Our common result in turn corresponds at the matching scale to the one
obtained in [166].

4.6.2 Neutral Higgs contribution

For the neutral Higgs contribution the full two-loop diagram has to be calculated, as for
a top quark in the loop internally only heavy degrees of freedom appear. The calculation
proceeds via the following steps: the three-gluon matrix element is obtained by using
from every field-strength tensor only the part containing derivatives, and summing over all

possible permutations, leading to (p3s = —p1 — p2)
2 m v p a, B
<O>:_§fabcCW €a (pl)eb (pQ)GC(—pl - p?) [(pl - p2)p Eaﬁpy+2 (pl v 6a6,up+p2u Gaﬁl/p)] P1Py-

(4.12)
Here we ignored higher orders in p?/M? (M € {Mpy,m;}) and used € (p1)ep,(p2) =
e (p1)€ap(p2) as well as p,es(p) = 0.

The other side of the matching condition is calculated by again summing over the
different momentum configurations for the two-loop diagram, identifying the part propor-
tional to the same Dirac structure in the corresponding expression, expanding carefully in
the external momenta, and using the Feynman parametrization for the remaining integrals.

The different integrals combine to give the result!'?

Cov (uarr) = g (uusr) Y25 F fGF S ZRe( >Im (yf )b (mp M) (4.13)

f=tb ¢

12Note that in principle the correct procedure for the b-quark contribution would be analogous as for
the charged Higgs contribution, i.e. integrating out the Higgs, running the resulting 4-quark operator down
to u ~ mp and matching it on the Weinberg operator. This produces a potential enhancement from a
smaller anomalous dimension. However, considering the enhancement for the charged Higgs, the resulting
contribution would be at most on the level of the one from Barr-Zee diagrams discussed below. As their
relative sign is unknown, it would therefore not improve the limit on Im(yﬁ) given later, which is why we
use this simplified treatment.
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which is again in agreement with [8] for the top-quark contribution, where however the
b-quark one was neglected. Here, h(m, M) is defined by'?

udz3(1 — z)
A{m / dx/ du [m2z(1 — uz) + M2(1 —u)(1 —2))* (4-14)

Naively, observing the factor m?* in the definition of h(m, M), it seems unnecessary

to include the beauty quark in the loop. However, the parametric integral diverges for
m — 0; for Mo > m the limit reads

1 m?2 M? 3
h(m, M > m) = 4]\722 [log( > — 2} , (4.15)

implying a much weaker suppression of the corresponding contribution, which might be
compensated if [¢g] > [cy].

4.7 Barr-Zee diagrams

The diagrams for EDMs introduced by Barr and Zee [156] (and later generalized for the
gluonic dipole moment [157, 158], see furthermore [168-172]) are proportional to the light
quark mass, which at first sight leads to the conclusion that they should be tiny compared
to the contribution from the Weinberg operator, which does not suffer this suppression.
However, the following arguments show that their contributions are in fact comparable (cf.

also [157]):
e ¢ ande gg’ are of similar size at .

e The anomalous dimension for the Weinberg operator is larger, implying a stronger
suppression from the running.

e The parametric integral of the Weinberg operator is smaller.

e Finally, the matrix element of the Weinberg operator is very small [61], making it
comparable to the mass of a light quark.

Therefore these contributions have to be taken into account. Which kind of diagram
dominates depends in part on the method chosen to estimate the matrix elements, which
we discussed in section 2.

4.7.1 Neutral Higgs contribution

In [156], the neutral Higgs contributions are calculated for a quark and gauge bosons in
the loop, while those with internal scalars are neglected. This contribution, however, is
generally smaller than the others [172] and we will not discuss it here. As the paper is
formulated for CP-violating Higgs propagators, the translation to our model parameters is
not always trivial. Especially it is not universal; what is called Z5 for example in [8, 156]

13The inner integral can be done analytically, simplifying the numerical analysis. Note the factor of 2
between the definition of h(m, M) in [8] and [166], the latter of which we are using here.
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changes for the type of diagram considered. Starting with the diagrams with the neutral
Higgs between two fermions f, f/, cf. figure 2(b), it reads

@0
ZOn = yfzyfll and ZOn = yf yf/ y (416)

implying Im Zy, = 0 for f = f’. This relation implies the following contributions for the
EDM/CEDM of a fermion f with a fermion f’ in the loop via neutral Higgs exchange,'*
generalizing slightly the results of [156, 157]:

d} (per; ¢°) _,V2Gra : m¥,
f F K
; BZ _ (471')3 qufZqu/Nf M2 <2Rey? Imyf,) (4.17)
2
+ g(ATZ]; ) <2Rey Imyf )} and
dS (pum )z V2G pa
: ; = — 47TF ‘ZZZ <2Rey;011myql)
m2 o
+ g M2 <2Rey ZImyq’> , (4.18)

where g denotes the charge of the fermion, i.e. ¢y = —1,—-1/3,+2/3 for f = e, d, u respec-

tively, Ng = 3, 1 for quarks and leptons respectively, and the parametric integrals f, g are
given by [156]

! —2z(l -z z(l—x
f(z):;z/o dxlx(f_%_z) log (12 ) and
L z(1—2x
g(z)E;z/O dxx(l _lx)_zlog (lz ) (4.19)

These integrals are of order one for a top in the loop and scale (only) approximately linearly
with the fermion mass. We include therefore apart from the top contribution also the ones
from the beauty quark and the tau in the sums over f, ¢’ above.
The contribution with a charged gauge boson in the loop can be translated into our
model parameters via
sin2ﬁ ZOn = y??Rzl y (420)

implying

y )
dy (/‘tH’SO 7W)Bzz2quf\fGFa [3f< ) + 59 <M2 )

: P e Im(y%Rﬂ). (4.21)

Note that again the sum of contributions cancels for degenerate Higgs masses as well as

in the decoupling limit. The main difference to the contributions with quark loops is that
it contains no part quadratic in the parameters ¢;. The order of magnitude for the single
contributions is that of the top-loop one, as the suppression due to the smaller mass is
compensated by the larger charge.

! Note that the correction for the sign for Im(Z;) in the erratum of [156] applies to the whole paper.
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Note that the diagrams discussed here are only a subset of the contributing ones, see
the references given above. However, none of the additional contributions has been found
to dominate over the ones discussed here. As in [156] we assume that they do not exhibit
strong cancellations with the ones included in our calculation.'® Furthermore we observe
that in general the CEDM contribution dominates over the EDM one. Therefore our
calculation is still expected to give reasonable upper limits on the CP-violating parameters
in the Yukawa sector, to the extent discussed further in sections 4.3 and 5.2.

4.7.2 Charged Higgs contribution

As mentioned before, for CP-violating charged Higgs couplings there exist a number of
corresponding diagrams not calculated in [156]. For the electron EDM, the contribution
with CP violation stemming from the Yukawa couplings has been calculated in [159]. In
general, the translation to quarks is non-trivial, as the authors give the result only for m, (=
myp) = 0, while for the quark EDM e.g. contributions with relative weight mysq/(mesy)
could exist. However, our analysis yields that all additional contributions are either of the
order misq/ (misu) , misq/(mi¢Mps,), or CP-conserving, implying that the translation s
in this case possible without evaluating new diagrams. We therefore start from the result
from [159],'¢ identifying ¢; = ¢, and c. = —q,

W =— meéﬁmmbﬁm (sust) (aeFy + apFy)
T me%lmbﬁm (Sust) (gt Fy + quFy) (4.22)
and use!”
F, = Lobem) = TaCw)  ien 2 e M2 /2, (4.23)

ZH — AW

1— 3z w2 1 5 1 1 1\ ..
Ti(z) = = 6+<Z—2>logz—z—<2—z) <1—Z>L12(1—z) and

2z — 172 3 1 1 1 1
Ty(2) = —— 7T—&—(—Z>logz—|—z—<2—>Lig(1—z).

z 6 2

Note that the functions F, are of course finite for My — Mw (Fi|my=my, ~ 2 and
Fy|my=nry, ~ 1). Furthermore, (¢:F; + ¢pFp) € [0,1] and limps, . o0 Fy = 0 hold. The
generalization to the down quark reads as follows:

d} (MtHHOi)BZ _ 12G%M

2
5 = - de‘%b‘2|Vud’21m (Susa) (qeFt + apFy) (4.24)

while the up quark contribution is negligible.

5Note, however, that e.g. in [21, 169] cancellations between different contributions in some part of
parameter space have been observed.

6The factor \th|2 ~ 1 has been omitted in that reference.

'"Note that we correct here the sign for the second term in T3(z) as compared to [159)].
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5 Phenomenological analysis

In this section, the phenomenological analysis of the constraints discussed in the previous
one is performed. Since the parametrizations in eqgs. (4.1) and (4.2) are general, the cor-
responding limits hold for any model; when the scaling differs largely from the A2HDM,
however, other constraints might be stronger than the ones discussed here. In the general
case, the limits concern certain matrix elements of the ¢;, which we will indicate appropri-
ately. The constraints given correspond to the quoted experimental limits in combination
with extreme values of the allowed ranges for the theoretical parameters.

We start by discussing charged Higgs exchange, as in that case the interpretation of the
results is straightforward. Specifically for the A2HDM we can relate the results directly to
those obtained in previous analyses from flavour-changing observables [17, 24]. Discussing
the different contributions separately implies assuming that no severe cancellations occur
between them, which should be kept in mind for the following discussion. For each class,
we will show in this section the most stringent constraints only; the remaining constraints
are commented upon in the text.

5.1 Charged Higgs contributions

The contributions from charged-Higgs exchange are relevant for the neutron and electron
EDMs, only; in diamagnetic systems, they are usually negligible, since they contribute
neither to CEDMs nor electron-nucleon interactions. They vanish whenever the relevant
factors ¢, 4; lack a phase difference, similarly to the SM contributions.

We start by analyzing the constraint from the electron EDM as obtained in section 2.2.
The charged Higgs contributes via Barr-Zee diagrams, cf. eq. (4.22); the resulting con-
straint is shown in figure 3 on the left, and implies [Im(c,s;)[ < 0.02 — 0.34 (su,335/11),
depending on the charged scalar mass and the choice for |d.| in table 1, together with
IIm(sus) )|/ M7+ <1075 GeV ™2, to be compared with |¢,¢|/M%. < 1072 GeV~? obtained
in [17]. This demonstrates already the strength of EDMs in constraining CP-violating
parameter combinations.

The main contribution to the neutron EDM stems from the Weinberg operator, es-
pecially since there are no sizable contributions to the CEDM involving the charged
Higgs. For the considered range of charged Higgs masses, the relative contribution from
the corresponding Barr-Zee diagrams, cf. eq. (4.24), is about 15% of the one from the
Weinberg operator.

Using eqs. (2.37) and (4.11), we plot the resulting constraint in the Im(¢fcy) — M+
plane (g 3564,33) in figure 4. For a charged-Higgs mass of ~ 500 GeV, Im(c;¢4) < 1 remains
allowed, which is strengthened to ~ 0.3 for light masses. We emphasize that therefore no
fine-tuning is necessary to avoid this bound; however, the next-generation experiments will
put this scenario to a non-trivial test, i.e. we would generally expect contributions within
the projected sensitivity.

To illustrate the impact of this bound in the A2HDM, we show on the right-hand side
the comparison to the one arising from the branching ratio for b — sy [24] in the complex
SuS,; plane, an observable known for its high sensitivity to a second Higgs doublet. While
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Figure 3. The constraints from the electron EDM (95% CL) on charged Higgs exchange (left) in
the Im(s’¢;) — My=+ plane and neutral Higgs exchange (right) in the Im(¢¢) — M(p plane. The
grey area corresponds to the old result for |d.|, the dark green one to the very conservative new fit,
cf. eq. (2.13). The remaining three areas correspond to |d.| obtained by making an assumption on
fine-tuning (n = 1,2, 3), cf. section 2.2.
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Figure 4. The constraint from the neutron EDM (95% CL) in the Im(s}sy) — Mg+ plane (left)
and together with the constraint from BR(b — s7v) in the complex ¢,s} plane (right), allowing for
80 GeV < My <500 GeV.

an imaginary part of O(1) is still possible, it follows from the discussion in [24] that large
effects in other observables like Acp(b — s7v) are excluded by this constraint.

5.2 Neutral Higgs contributions

As discussed in section 4.3, the contributions from neutral scalars are more involved phe-
nomenologically. Specifically, cancellations are likely to play an important role, cf. eq. (4.5).
Since these cancellations take place for both limiting cases, universal Higgs masses and de-
coupling, and furthermore the mixing into the lightest mass eigenstate is rather small, see
the discussion in section 4.3 and in [27, 163], we use the right-hand side of eq. (4.5) as an
approximation of the appearing sums. However, since the two limits imply different pat-
terns for the single contributions, we evaluate the mass-dependent functions for a varying
effective mass Mw, allowing the corresponding coeflicient to take any value between the
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two limiting ones. That is, we have

The constraints shown can be translated back into the corresponding parameter combina-
tions whenever a specific model with known Higgs masses is discussed.

For neutral Higgs exchanges between different families, the resulting constraints allow
for a comparison with the charged Higgs contributions, albeit with some caution. Note

o0 o0 o0 o0
that the two contributing terms, Re (y f’> Im (y f}> and Re (y f,’> Im (y f’> both translate

in the A2HDM to Im (gfg}k,), but for f, f/ = d,l with opposite signs, implying further
cancellations, since the coefficient functions given in the previous section have identical
signs. If one of the involved fermions is an up-type quark, the two contributions instead
strengthen the bound.

For the cases in which the right-hand side vanishes, we provide the value of the contri-
bution from the lightest scalar as a reference, which is not to be understood as a conservative
limit of any kind, but as the strongest obtainable limit for the corresponding couplings in
a specific model.

For neutral scalars, we do not include the contributions from the Weinberg operator,
for two reasons: first they are subject to the cancellations discussed above (even in the
most general case), second they are slightly smaller than the contributions from Barr-Zee
diagrams with the same coefficients (for universal ¢, 4), which enter now via the chromo-
magnetic moments.

We start again with the constraints from the electron EDM. In figure 3 on the right,
the constraint for |Tm(gs;)| (q,115; 33) is displayed, plotted against M. This parameter
combination is now bound to be < 0.01 — 0.2, depending on M, and the choice for |de|;
this is about a factor 2 stronger than the charged-Higgs constraint for Mg+ ~ Msm as
can also be deduced directly from eqgs. (4.21) and (4.22). While this again does not yet
call for severe fine-tuning of the parameters at the moment, the bounds are strong already,
especially when accepting the bounds from ThO with restricted fine-tuning. Clearly, the
coming experiments, see table 3, will explore a region of parameter space in which we would
generally expect a signal. The contribution with a tau lepton in the loop, proportional to
Im (y?) (Re(yz,11)Im(y; 33) and Re(y;33)Im(y;,11)), is subject to strong cancellations in the
A2HDM; there is therefore no conservative limit. The contribution at the lightest Higgs
mass yields [Im (y?) |/2 < 2 — 15, depending on |d.|. For a beauty quark in the loop, the
constraint is weaker than the one obtained from the bound on the electron-nucleon coupling
Cyg; it is therefore omitted. It is noteworthy, however, that the single contributions are
smaller than the ones with the tau in the loop, despite the larger mass of the beauty
quark, due to the smaller charge and the occurring cancellation. Finally, the gauge boson
loops give potentially large contributions, however again subject to strong cancellations.
Furthermore, since the admixture of the lightest mass eigenstate with the second doublet
is small, this contribution gets further suppressed. Having this in mind, however, the
contribution from the lightest neutral scalar yields |Ri;Im (yf?) | < 0.01 —0.07, again

depending on the value for |d|.
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Figure 5. Constraint from the neutron EDM (95% CL) in the |Im(sqs})| — M, plane.

The main constraint from the neutron EDM is again for the combination ¢¢y
(u,3354,11), since it is enhanced by the top mass and involves different families. The result-
ing constraint, shown in figure 5, is similar to the one from the charged Higgs exchange
via the Weinberg operator; given this situation, the treatment for the hadronic matrix ele-
ment is decisive for their relative strength and possible cancellations. The other constraints
are either again subject to strong cancellations (|Im (y2) |/2 < 1.4, [Im (y3) |/2 < 26 and

|R11Im (yfﬁ) | < 3.6 for the lightest scalar) or not constraining due to the small masses
involved.

The final constraints we consider stem from the mercury EDM. As discussed above,
relating this observable to fundamental parameters is complicated by large theory uncer-
tainties. However, e.g. the electron-nucleon couplings are not as strongly affected by these
uncertainties, providing a more reliable bound. Furthermore, it is a conservative one: this
contribution is not expected to be dominating this observable; for that reason, assuming
this contribution to saturate the experimental limit is conservative. This fact has been used
in [23] to obtain the limit C's < 7 x 10~8 (mainly) from the mercury measurement, thereby
allowing for a model-independent limit on the electron EDM. Here, as we are expressing
both Cs and Cp by coefficients of four-fermion operators, we make this assumption for their
combination appearing in eq. (2.31); additionally, we show the bounds from ThO with the
fine-tuning assumption. The resulting constraints are shown in figure 6 on the left. They
do not appear very strong numerically, but constrain a parameter combination which was
allowed to be very large before and are therefore relevant. Note that the contribution from
C'p weakens slightly the constraint compared to using Cg < 7 x 10~%, but not severely.

Further contributions enter via the (Barr-Zee-)CEDM contributions to the Schiff mo-
ment, yielding potentially strong bounds; we illustrate their potential impact by using
simply central values for the hadronic parameters in the equations above to obtain a con-
straint. An exemplary result, corresponding to a more reliable theoretical situation, is
shown in figure 6 on the right. We note that for the assumed situation, it would be the
strongest limit on |Im(cgq))| available. Furthermore, the physical mechanisms are different
for the various systems. Specifically, for mercury the charged Higgs plays a minor role, so
a possible cancellation for the neutron between these two contributions cannot take place
here. Theoretical progress for this observable would therefore be very valuable.
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Figure 6. Actual constraint from the mercury EDM (95% CL) in the [Im(s4s;")| — M, plane (left)
for the old bound on |Cg| as well as the ones from ThO, and the potential constraint from the same
system in the [Im(s4))| — M, plane (right), see text.

6 Conclusions

EDMs are very sensitive probes of NP models incorporating additional sources of CP
violation. In particular, they strongly constrain possible new flavour-blind phases, as
those present in generic 2HDMs without tree-level FCNCs. We have critically analyzed
the present experimental limits on EDMs of elementary particles and composite systems
(nucleons, nuclei, atoms and molecules), and have derived the resulting phenomenological
constraints on the 2HDM parameters.

To be specific, our final results are written in the context of the A2HDM, where
the alignment in flavour space of the two Yukawa matrices coupling to a given right-
handed fermion guarantees the absence of tree-level FCNCs, while allowing for flavour-
blind Yukawa phases. This theoretical framework includes (and generalizes) all particular
(CP-conserving) types of 2HDMs based on discrete Z2 symmetries, usually adopted in the
literature. Nevertheless, our findings can be directly applied to even more general Yukawa
structures with simple notational changes.

The symmetries of the A2HDM protect in a very efficient way the flavour-blind phases
from undesirable phenomenological consequences. Although the present experimental lim-
its impose indeed strong bounds on the CP-violating parameter combinations, O(1) con-
tributions remain allowed. However, large enhancements in other CP-violating observables
are already strongly restricted by the present EDM bounds.

A strong caveat to keep in mind is the strong sensitivity of the EDM predictions
to the UV completion of the low-energy 2HDM. Since the A2HDM flavour symmetries
strongly suppress any possible tree-level or one-loop contribution, the predicted EDMs
originate from two-loop diagrams. Therefore, these theoretical results could easily be
changed by NP contributions beyond the 2HDM, as happens for instance in supersymmetry,
and unexpected cancellations could also take place. The EDM constraints should then be
interpreted with a lot of care.
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Within the A2HDM, the dominant mechanisms generating non-zero EDMs are charged
and neutral scalar exchanges through two-loop diagrams of the Weinberg and Barr-Zee
type. While the charged Higgs contributions can be determined unambiguously, the mixing
among the three neutral scalars makes their effect much more subtle. We have shown that
the neutral scalar contribution for a given fermion species vanishes exactly in two opposite
limits: universal Higgs masses and decoupling. The null result is due to the orthogonality of
the scalar mixing matrix, which generates exact cancellations among the contributions from
the three neutral scalars. This fact has been sometimes overlooked in the literature, leading
to claims of non-vanishing contributions in the decoupling limit which are not correct in
this context. In particular, simply taking the contribution from the lightest Higgs is not
necessarily a good approximation. In order to obtain a phenomenological estimate of the
neutral scalar effect we have taken an average scalar mass to evaluate any mass-dependent
function and followed the prescription indicated in eq. (5.1); we have only provided as a
reference the value of the contribution from the lightest scalar in those cases where the
right-hand side of eq. (5.1) vanishes.

Our final phenomenological results are shown in figures 2 to 5. In spite of all previ-
ous comments of caution, these plots indicate that interesting signals could be expected
within the projected sensitivity of the next-generation of EDM experiments. Experimental
progress in this field could then bring a break-through in the search for NP phenomena.
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