PHYSICAL REVIEW D 89, 115023 (2014)
CP-violating phenomenology of flavor conserving two Higgs doublet models

Satoru Inoue,l Michael J. Ramsey-Musolf,l’2 and Yue Zhang2
'Amherst Center -for Fundamental Interactions, Department of Physics, University of Massachusetts—Amherst,
Ambherst, Massachusetts 01003, USA

2California Institute of Technology, Pasadena, California 91125, USA
(Received 28 March 2014; published 25 June 2014)

We analyze the constraints on CP-violating, flavor conserving two Higgs doublet models implied by
measurements of Higgs boson properties at the Large Hadron Collider (LHC) and by the nonobservation of
permanent electric dipole moments (EDMs) of molecules, atoms, and neutrons. We find that the LHC and
EDM constraints are largely complementary, with the LHC studies constraining the mixing between the
neutral CP-even states and the EDMs probing the effect of mixing between the CP-even and CP-odd
scalars. Presently, the most stringent constraints are implied by the nonobservation of the ThO molecule
EDM signal. Future improvements in the sensitivity of neutron and diamagnetic atom EDM searches could
yield competitive or even more severe constraints. We analyze the quantitative impact of hadronic and
nuclear theory uncertainties on the interpretation of the latter systems and conclude that these uncertainties

cloud the impact of projected improvements in the corresponding experimental sensitivities.
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I. INTRODUCTION

With the discovery of a 125 GeV boson at the Large
Hadron Collider, exploration of the dynamics of electro-
weak symmetry breaking (EWSB) is front and center in
particle physics. Although the properties of the new boson
agree thus far with expectations for the Standard Model
(SM) Higgs boson, it is possible that it constitutes but one
state of a richer scalar sector. Perhaps the most widely
studied extended scalar sector is the two-Higgs doublet
model (2ZHDM). The collider and low-energy phenomenol-
ogy of the 2HDM have been extensively analyzed over
the years [1,2], while one version of this paradigm appears
in an equally important scenario for physics beyond the
Standard Model (BSM), the minimal supersymmetric
Standard Model.

One of the more interesting features of the 2HDM is the
presence of new sources of CP violation beyond that of
the Standard Model Cabibbo-Kobayashi-Maskawa (CKM)
matrix and the QCD “@ term.” It is well known that BSM
CP violation is required to account for the observed excess
of matter over antimatter in the present Universe. If realized
in nature, the 2HDM may provide the necessary CP
violation and may enable the generation of the matter-
antimatter asymmetry during the era of EWSB [3-5], and
possibly the co-generation of both baryonic and dark matter
in the Universe [6]. If so, then the 2HDM CP violation may
have observable signatures in laboratory tests. At the
energy frontier, CP violation correlations associated with
the production and the decay of the lightest neutral scalar
may be accessible at the LHC and/or a future high intensity
ete™ collider. At the low-energy “intensity frontier,”
searches for the permanent electric dipole moments
(EDMs) of atoms, molecules, and nucleons provide a
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powerful indirect probe [7-10]. Indeed, EDM searches
are entering a new era of sensitivity, with the recent report
by the ACME Collaboration of a ten times tighter limit on
the electron EDM [11],' representing a harbinger of even
more powerful probes in the future. Searches for the
permanent EDM of the neutron are under way at a variety
of laboratories around the world, with goals of 1 to 2 order
of magnitude improvements in sensitivity. Similarly,
experiments are under way to carry out improved and/or
new searches for the EDMs of mercury, xenon, and radium,
while longer term efforts to develop storage ring probes of
the proton and light nuclei EDMs are being pursued [12].

With this context in mind, it is timely to investigate
the present and prospective probes of CP violation in the
2HDM. To follow, we will report on such a study, focusing
on the implications of present and prospective EDM
searches while taking into account the LHC constraints
on the properties of the 125 GeV boson. For concreteness,
we consider a Z,-symmetric variant of the 2HDM that
evades potentially problematic flavor-changing neutral
currents (FCNCs) but still allows for a new CP violation
associated with the scalar potential, accommodates the
present 125 GeV boson properties, and retains a rich
phenomenology for future studies.

Under these assumptions, we explore scenarios wherein
there exists only one physical CP violation phase asso-
ciated with the scalar potential. The resulting scalar
spectrum contains three neutral states that are CP violation

"The experiment actually constrains the ThO molecule re-
sponse to an external electric field. In general, the ThO response
is dominated by two operators, including the electron EDM and
an electron-quark interaction. For the 2HDM, the electron EDM
gives by far the larger contribution.
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mixtures of neutral scalar and pseudoscalars and one pair of
charged scalars. The scalar sector is then characterized by
nine independent parameters that can be related to the
parameters in the potential using the conditions for EWSB.
We take these parameters to be the four scalar masses; the
mixing angle a,, that governs the CP-odd admixture of the
125 GeV scalar; the combined vacuum expectation value
(VEV) of the two neutral scalars, where v = 246 GeV;
the conventional 2ZHDM mixing angles f and a; and a
parameter v (also defined below) that characterizes the
degree to which the heavier states decouple from the low-
energy effective theory, leaving the 125 GeV boson as the
only accessible state. Note that @, — 0 when 6 — 0 and
that, under our choice of the independent parameters, a,
encodes the effects of the sole physical phase in the scalar
potential.

From our analysis, we find that

(1) Fits to the properties of the observed 125 GeV boson
generally favor scenarios in which a~ f — z/2.

(i1) For fixed values of the scalar masses, null results for
EDMs yield constraints in the sin a;—tan f plane.

(iii) In general, the assumption that loops involving the
lightest neutral scalar are dominant over those
involving the remaining 2HDM scalar states does
not hold. In the electron EDM case, for example,
loops involving the heavier states may yield the
largest contribution for moderate-to-large tan . In
short, the “light Higgs effective theory” is not
necessarily effective in this context.

(iv) At present, the ThO result yields the strongest
constraints on the CP violation parameter space.
Future EDM searches could significantly extend this
reach, particularly for the type Il 2HDM. An order-
of-magnitude improvement in the sensitivity of the
neutron and '"Hg EDM searches would probe
regions presently allowed by the ThO limit. A factor
of 100 more sensitive neutron EDM search would go
well beyond the present constraints and, in the event
of a null result, would restrict | sin,| to less than a
few thousand. Successful completion of the Argonne
225Ra EDM search at its design sensitivity would
reach well beyond the ACME constraints—as well
as the possible ten times better neutron and 'Hg
search for the type Il case—though a 100 times more
sensitive neutron EDM search would surpass the
radium reach. For the type I model, the ACME
constraints would survive even the future neutron,
mercury, and radium experiments. Thus, a nonzero
result for any of the latter searches would indicate
the presence of a type II rather than a type I 2HDM.

(v) Determination of the diamagnetic atom ('*’Hg,
225Ra, etc.) and neutron EDM sensitivities is subject
to considerable hadronic and nuclear many-body
uncertainties. Those associated with the interpreta-
tion of the paramagnetic system (ThO) results are
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less significant. Consequently, the aforementioned
statements about the relative sensitivities of future
searches are provisional. Definitive conclusions will
require substantial improvements in hadronic and
nuclear many-body computations.

We organize the discussion of the analysis leading to
these observations as follows. In Sec. II we analyze the
general features of the Z,-symmetric 2HDM, including the
constraints of the EWSB conditions, the choice of inde-
pendent parameters, and the structure of the interactions.
Section III gives the relationship of the independent
parameters and interactions to the observables of interest,
including the Higgs boson event rates at the LHC
(Sec. III A), the low-scale effective operators that ultimately
induce EDMs of various light quark and lepton systems and
their renormalization group evolution (Sec. III B), and the
sensitivity of these systems to the effective operators and
the corresponding EDM constraints (Sec. III C). Section IV
gives the resulting constraints on the relevant parameter
space. In particular, we call the reader’s attention to Figs. 6
and 10. The former gives the present constraints from ThO,
the neutron, and '’Hg in the sin a;,—tan f plane, including
the hadronic and nuclear theory uncertainties. The latter
shows the prospective impact of future neutron, '°*Hg, and
225Ra searches in comparison with the present ThO con-
straints. In this section, we also present an “anatomy” of the
electron, neutron, and diamagnetic EDMs in terms of the
2HDM degrees of freedom, as well as the various low-
energy effective operators. We summarize our conclusions
in Sec. V. Expressions for the effective operator Wilson
coefficients are given in the Appendix.

II. 2HDM FRAMEWORK

A. Scalar potential

In this work, we consider the flavor conserving 2HDM in
order to avoid problematic flavor-changing neutral currents.
As observed by Glashow and Weinberg (GW) [13], one may
avoid tree-level FCNCs if diagonalization of the fermion
mass matrices leads to flavor diagonal Yukawa interactions.
One approach2 to realizing this requirement is to impose a Z,
symmetry on the scalar potential together with an appropriate
extension to the Yukawa interactions (see below). In this
scenario, however, one obtains no sources of CP violation
beyond the SM CKM complex phase. Consequently, we
introduce a soft Z,-breaking term that yields nonvanishing
CP violation terms in the scalar sector [17].

To that end, we choose a scalar field basis in which the
two Higgs doublets ¢, , are oppositely charged under the
Z, symmetry

Another approach to having 2HDM at the electroweak scale
without the Z, symmetry is to assume minimal flavor violation,
flavor alignment, or other variants. We do not discuss this
possibility, but refer to [14-16] for recent phenomenological
studies.
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¢~ —¢ and ¢, — ¢, (1)

though this symmetry will, in general, have a different
expression in another basis obtained by the transformation

¢; = U ). For example, taking
1 /(-1 1
=500 1) o
the transformation (1) corresponds to
P1oPh. 3)

We then take the Higgs potential to have the form
Mo, Ay, ' .
V=2 (@161 +5 ($202)° + (hih) (h3¢2)
1
+ A4 (1) (D31) + 3 As(¢i)* +Hel

— 3 i) + (i) + He]
+ m3y(#3¢p2)}- (4)

The complex coefficients in the potential are m?, and 5. In
general, the presence of the 457;4)2 term, in conjunction with
the Z,-conserving quartic interactions, will induce other
Z,-breaking quartic operators at one-loop order. Simple
power counting implies that the responding coefficients are
finite, with the magnitude proportional to m3,4;/(16z%).
Given the 1/16x? suppression, we will restrict our attention
to the tree-level Z,-breaking bilinear term.

It is instructive to identify the CP violation complex
phases that are invariant under a rephasing of the scalar
fields. To that end, we perform an SU(2); x U(1), trans-
formation to a basis where the vacuum expectation value of
the neutral component of ¢, is real, while that associated
with the neutral component of ¢, is, in general, complex:

HY
h= (ﬁ(vaﬁ’HA?))’

H}
%:(ﬁwfuﬁ+m@> G)

where v = \/|v;|* + |v,]* = 246 GeV, v, =}, and
vy = |v,|e®. It is apparent that, in general, £ denotes the
relative phase of v, and v;. Under the global rephasing
transformation

¢j = ei9j¢/" (6)

the couplings m?, and A5 can be redefined to absorb the
global phases

() = €O, A= s (7)
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so that the form of the potential is unchanged. It is then
straightforward to observe that there exist two rephasing
invariant complex phases:

81 = Arg[A5(mi,)’].
8, = ArglA3(my) v 03] (8)
For future purposes, we emphasize that the value of £ is not
invariant.

Denoting tan = |v,|/|v;|, the minimization conditions
in the HY and A{ directions give us the relations

mi, = A v2cos’B + (A3 + A4)v?sin?p
— Re(m?,e) tan f + Re(Ase?<)v?sin’p,  (9)

m3, = Ayv?sin?f + (A3 + Ay )v*cos’p

— Re(m3,e) cot p + Re(Ase*€)vicos’p,  (10)
Im(m?,e) = v? sin 8 cos flm(Ase%<). (11)

From the last equation, it is clear that the phase £ can be
solved for given the complex parameters m%z and 45. It is
useful, however, to express this condition in terms of the J;:

[m,|sin(8; = 61) = |Asv1 0y sin(26, = 8). (12)

With the limit that the ; are small but nonvanishing, which
will be appropriate for our later phenomenological dis-
cussion, Eq. (12) then implies

Asvi vy
1= =252

Syny— 2§ (13)

EPLTIY

so that there exists only one independent CP violation
phase in the theory after EWSB.

A special case arises when §; = 0. In this case, Eq. (12)
implies that

Im1, | sin(8,) = |Asv; v, sin(25,) (14)
or
1| m?
5y = —| —12|, 15
cos 2 2 /15U11)2 ( )

When the right-hand side is less than 1, §, has two solutions
of equal magnitude and opposite sign, corresponding to the
presence of spontaneous CP violation [18,19]:

)+t

2
my,

1
5, =+ -
) arccos < 5

mi
Asv?cos fsinp|)’
(16)

Asv10p
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To the extent that the vacuums associated with the two
opposite sign solutions are degenerate, one would expect the
existence of cosmological domains [20] associated with
these two vacuums. Persistence of the corresponding domain
walls to late cosmic times is inconsistent with the observed
homogeneity of the structure and isotropy of the cosmic
microwave background. Consequently, parameter choices
leading to 6; = 0 but 6, # 0 should be avoided. In practice,
we will scan over model parameters when analyzing the
EDM and LHC constraints. As a check, we have performed
a scan with 10 points and find less than ten that give 5, = 0.
Thus, we are confident that the general features of our
phenomenological analysis are consistent with the absence
of problematic spontaneous CP violation domains.

Henceforth, for simplicity, we utilize the rephasing
invariance of the §; and work in a basis where £ = 0. In
this basis, the phases of m?, and A5 are redefined and related
by Eq. (11). As we discuss below, we will trade the
resulting dependence of observables on §; [and 6, via J;
in Eq. (13)] for one independent angle in the transformation
that diagonalizes the neutral scalar mass matrix.

B. Scalar spectrum
After EWSB, the diagonalization of the 2 x 2 charged
Higgs mass matrix yields the physical charged scalar and
Goldstone modes
H"™ = —sinfH{ + cos H;,
G = cos fH| + sin H; .

The charged scalar has a mass

1
m%_ﬁ = 5 (21/ - /14 — RCJS)Uz,
Rem?, csc ffsec B

20?2

V= (18)

For the neutral Higgs sector, the mixing between CP odd
components yields the Goldstone G° and an orthogonal
combination A°, where

A% = —sin BAY + cos BAY,

G° = cos fAY + sin pAY. (19)
In the presence of an explicit CP violation, A? is not yet a
mass eigenstate. It will further mix with the CP even
eigenstates HY, H. The 3 x 3 neutral mass matrix in the
basis of {HY, HY, A%} is

/116'% —+ I/S%; (/1345 - l/)C/jS/,v — %Imﬂséﬁ
M2 = U2 (/1345 - I/)C/;S/; 126% + IJC% —%Imxlsc/;
- %Imlséﬁ —%Im/lsC'/} —Rels +v

(20)

’
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where Ayys = A3 + 44 + Reds. We define an orthogonal

rotation matrix R to diagonalize the above mass matrix,

with RM?RT = diag(m3 ,m3 , m} ). Generally, the matrix
X 1 2 3

R can be parametrized as [21,22]

R = Ry3(ac)R3(ap) Ry (a + 7/2)

—SaCa, CaqCq, Say,
= | SaSq,5a, = CaCa, —SaCa, — CaSa,Sa, Ca,Sa,
SaSa,Ca, + CaSa, SaSa, — CaSa,Ca, Ca,Ca,

Both , and a, are CP-violating mixing angles in the Higgs
sector that depend implicitly on §;. In this convention, the
significance of the a and f# angles are the same as in the
minimal supersymmetric Standard Model, and the inter-
actions with quarks of the lightest Higgs state, /1;, depends
only on one CP-violating angle a;,. The mass and CP
eigenstates are related via (HY, HY, A%) = (hy, hy, h3)R. As
we discuss below, «, is determined once ay, @, f, and the
neutral scalar masses are specified. Thus, we will utilize o,
rather than §; to characterize the effects of CP violation on
the potential.

C. Interactions

For phenomenological analysis, we are interested in
interactions of the scalar sector with the other SM particles.
After EWSB, the couplings of the neutral scalars with
fermions and gauge bosons can be parametrized generally
as [23]

m 7 ~ e
£===Lhlepf f +2pfirsf)

2 2 2
+agh, (ﬂ W, WH + @Z,,Zﬂ> . (22)

v v
where i = 1, 2, 3 and where we have allowed for only flavor
diagonal couplings. To arrive at the couplings, we extend the
Z, symmetry of the scalar potential by making the following

assignments to the fermions:

O, - 0;

ug — ugdp — dg

typel, (23)

Op = Q1 ug = ugdg > —dp typell.  (24)
One may make similar assignments for the leptons. The
resulting Yukawa interactions before EWSB are

Ly ==Yy0.(ity)psug — YpOrdrdg + Hee.,  (25)

Ly = =YyQy(iry)p3ug — YpQridg +He.  (26)
Note that £; ;; satisfy the GW criterion for the absence of
tree-level FCNCs.

For each of the two types of models, we solve for ¢, ¢ £
and a in terms of £ and the orthogonal matrix R,
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Cri Ch,i Cri
—Rjzcotff  Rpicotff  Rpsinff+ Rjcospf, (27)
—R;zcotfp

Typel R;/sinff Rp/sinf
Typell Rj/sinfi R;;/cosf
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Cp.i a;

_Ri3 tanﬁ Ri2 Sinﬂ+Ril COSﬂ

where all the up (down) type fermions have the same universal rescaled couplings as the top (bottom) quark apart from the

overall factor of the quark mass.

The charged Higgs-fermion interactions are, respectively,

, { Vijcotpu[m, (1 —ys) +mg (1 +ys)d;H" +H.c.
e Vijiilm,, cotp(1 —ys) —mgy tan f(1 +ys)]d;H* + H.c. typell,

where V stands for the CKM matrix for quark mixings.

The trilinear interactions between charged and neutral
scalars, relevant for the scalar sector contribution to EDMs,
are of the form

EHi = —Zl"Ul’ll‘H+H_, (29)

where h; and H* are mass eigenstates, and

Ai = Riy - (A3c08°B + (A — A4 — Reds)sin?pB) cos
+ R - (A3sin?f + (A, — A4y — Reds)cos?f) sin 8
+ R - ImAs sin f cos S. (30)
|

Potential parameters
/11 R /12, /13, /14, Rels, Im/15

2 .2 2 2
my,;, my,, Remi,, Imm7,

Each set has 10 parameters, and it would appear to be
possible to solve one set of parameters from the other.
However, the minimization conditions for the Ag in Eq. (11)
imply that there exists only one independent CP violation
phase and hence that the CP violation mixing angles @, and
a, are not independent. As we show below, one may solve
for a, (@) in terms of @, (a.), the physical neutral scalar
masses « and f.

Two additional remarks are in order. First, the
phenomenological significance of the parameter v is that
it controls the mass scale of the second Higgs doublet.
In the decoupling limit wherein one reverts to the SM,
one has v> 1. Equations (18) and (20) then imply
that H*, h3~A° and the linear combination

|

Potential parameters
Ay Aoy Az, Ay, As

2 2 2
myy, My, My,

typel
(28)

We do not write down the corresponding quartic terms, as
they are not needed for our phenomenological analysis.

D. Phenomenological parameters

From the Higgs potential in Eq. (4), it is possible to solve
for the Higgs doublet VEVs, as well as the scalar masses
and mixing angles, which are more directly related to
observation. Since the aim of this work is to arrive at the
phenomenological constraints on the parameter space of
2HDM, it is useful to translate these constraints into those
on phenomenologically relevant parameters. The latter set
includes the masses, the mixing angles, and the parameter v
introduced in Eq. (18) (whose significance we discuss
below). The following table summarizes two sets of
parameters (all real):

Phenomenological parameters

v, tanf,v, a, ap, a, (31)

mhl s mhz, m,13, mpg+

I
h, = sin HY — cos fHY also decouple with an approxi-
mately common mass v. The resulting low-energy theory
contains only one CP even scalar h;, which is the SM
Higgs boson. In the same decoupling limit, we also have
ap. — 0 and a = f— /2. Away from the decoupling
limit, both doublets are at the electroweak scale, and we
have to treat v as an independent input parameter.
Second, it is useful to consider the CP conserving limit,
with a real Higgs potential, i.e., Imis = 0 and Imm%2 =0.
Absent spontaneous CP violation, £ = 0 and the matrix
(20) is block diagonalized with vanishing M?, and M3,
elements. In this regime, one has a, = a. = 0, and the
independent parameters become

Phenomenological parameters (no CP violation)

v,tanf, a . (32)

mhl, mhz, mh3, mpg+
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Although there exist eight potential parameters in this case, the condition of no spontaneous CP violation reduces the
number of independent parameters to seven, which one may choose to be those displayed in the right-hand column of the

table.

For the general scenario that allows for CP violation, it is useful to record the relationships between the

phenomenological parameters and those in the potential:

tan g (mj,, —mj,) cosacsina, + (mj, —mj, sin’a, —mj, cos’a,) tan asin a, 33)
anfl = : :
2 2 : 2 2 2 2 o2 Ve,
(my, —mj )tanacosa,sina, — (mj, — mj, sin“a. —mj, cos“a,) sina,
[
2 2D 2 p2 2 p2
4= my, sin“acos“ay, + mj, R5, + mj R3, van’p, (34) 2m,,
1 - — 2y _
% cos ’ Ay = 2v — Rels ot (37)
; mj, cos*acos’ay, + mj, R3, +mj, RS, 5. (35)
= — vcot .
2 U2 Sinﬁ2 'B’ ( ] m%l S o Cos (ZCOszah — m%lszlez - m%l3R3]R32
3=V-— 5 -
. . v? sin 3 cos
mj, sinay, + cos’ay, (my, sin*a, + mj, cos’a,) peosp
Relds = v — - : ; — A4 — Reds, (38)
(36)

2 2 - 2 2 (i2 2 2o V2 cin oy <
2cos ap[(my, —my, ) cosasina, cosa. + (my —mj, sin“a, — mj, cos’a,)” sinasin a,]

IMS -

Note that Eq. (33) implies that ,, a., a, f, and the neutral
scalar masses are not all independent, as advertised. The
remaining equations (34)—(39), together with the minimi-
zation conditions (9)—(11), can be used to solve for the nine
independent phenomenological parameters in Eq. (31).

In order to make the presence of only one independent
CP violation phase apparent, we chose to eliminate one of
the two CP violation mixing angles (a,) in terms of the
other parameters, including the other CP violation mixing
angle (a;,) that vanishes in the CP-conserving 2HDM and
the remaining parameters that survive in the absence of a
CP violation.

1. Parameter ranges

Theoretical constraints on the parameter space follow
from requirements of the stability of the electroweak vacuum
and perturbativity [18]. While the latter is not an absolute
requirement for the validity of the theory, our phenomeno-
logical study relies on perturbative computations of observ-
ables, so we restrict our attention to the domain of naive
perturbativity, expressed in terms of the quartic couplings

0< 4 <dn, 0< 2, <dn,
A > =/ A1, A3+ A4 = |As| > =/ 41 4s. (40)

Using Egs. (34)-(39), we translate these conditions into
constraints on the phenomenological parameters. To illus-
trate, we take /1, to be the 125 GeV Higgs boson discovered
at the LHC. For the ranges of other parameters, we allow

v sin B

(39)

|
my,, my, €[125,500] GeV and a, a, € [-7/2,7/2]
(notice a, is not independent, as discussed above). The
resulting region, consistent with the conditions (40) in the
v — tan f plane, is shown in Fig. 1.

As discussed in the fit to LHC Higgs data in Sec. III A
below—especially in the type Il 2HDM—the fit to the LHC
data on the Higgs boson production and decay rates points
to a strong correlation between the angles a and 3, with
a= f— /2 (see Fig. 2). If this is taken to be a constraint,
we can further reduce the set of phenomenological input
parameters to

ay, tanf, mye, my, my, my,, v. (41)

50.0 T T T T T

FIG. 1 (color online).
parameter space.

Theoretical constraints on the v — tan
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When either of the CP violation mixing angles «,;, or a, is fixed, the other can be obtained from Eq. (33),

(mj, — mj, ) sin 2a, tan 23

ay, = arcsin

or, alternatively,

+

a; = arctan

For a given a,,, there are two solutions for .. We find that
they satisfy the relation tana tana; = (mj —mj. )/
(m%,] - mﬁz), which is approximately 1, in the limit
my, < mp, & my, . Figure 2 illustrates the above relations
between a;, and «,. for a set of sample parameters. One can
see on the right panel that the expression for a* contains a
discontinuity at tanf = 0 (for fixed color, blue or ma-
genta). For our phenomenological studies, we choose a;
for tanf < 1 and o for tanf > 1 in order to avoid this
discontinuity. Physically, our choice corresponds to /4
being mostly CP odd; a; fortanf < 1 and o fortan g > 1
correspond to the case where /1, is mostly CP odd. We have
observed that the choice between o and o does not make
a qualitative difference in the conclusions discussed below.

. 42
2(mjy — mj, sin’a, — mj, cos’a,) (42)
(m3 — m3) tan 23 & \/(m3 — m3)*tan?2 — dsin’a, (m? — m3)(m} — m3) (43)
2(m3 —m3) sinay, '
[
Ogg—h _ Uiy
2 2 SM  — TSM
99—h; h—gg
N (1.03¢, — 0.06¢,)* + (1.57¢, — 0.06¢,)> (44)
- (1.03 — 0.06)> ’
| P N (0.23¢, — 1.04a)* + (0.35¢,)? (45)
in’lﬁ (0.23 — 1.04)? ’
Oyy—h  Ovisvi, Fh1—>WW Fh1—>ZZ 2
5%/“\//[-41 quw FZI\—/EWW M,
Fh1—>bl_7 Fhl—vr*r’ 2 ~
SM_ — M X Cp T 6 (47)
Fh—»bB Fh—»‘r*r'

III. OBSERVABLES
A. Event rates of all Higgs decay channels at LHC

In this work, we assume the light neutral scalar from the
2HDM is the 125 GeV Higgs boson discovered at the LHC.
In the presence of the CP violation interactions in Eq. (22),
the Higgs production and decay rates are modified as
follows:

1.5 F q
[ @,=0.02 1
1.0F ]

0.5F

0.0F

(e

—05f

~10f

—15E ‘
0.1 05 1.0

tanf

5.0 10.0 50.0

FIG. 2 (color online).  Solutions for a (blue) and o (magenta)
as a function of tanf using Eq. (43) for fixed a;, = 0.02. The
other parameters are mpy+ =420 GeV, my, =400 GeV,
my,, = 450 GeV, and v = 1.0.

The modified event rates will be constrained by the
inclusive data in Higgs decay channels, which are sum-
marized in Table I. Since we are interested only in the
couplings of A, all of the above couplings (a, ¢y, and ¢ )
can be expressed in terms of only three parameters—/3, a,
and a;,—where a,, is the CP violation mixing angle. In the
presence of a CP violation, the global fit to the combined
results measured by the ATLAS [24] and CMS [25]
collaborations have been performed in several previous
works [4,26-29]. In this work, we follow the same para-
metrization as [4] and present the results for both type I and
type I 2HDMs.

B. T- and P-violating effective operators,
RG running and matching

We now turn to the low-energy sector, focusing on the
EDMs of the neutron, neutral atoms, and molecules® that
presently yield the most stringent constraints on a flavor
diagonal CP violation. The relevant time-reversal-and-
parity-violating (TVPV) effective operators for our study
are the elementary fermion EDMs, the quark chromo
EDMs (CEDM), and the Weinberg three gluon (or gluon
CEDM) operators. The corresponding effective Lagrangian
valid below the electroweak scale is

3Technically speaking, the paramagnetic molecule response to
the external field.
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TABLE I. LHC data on all measured Higgs decay channels
from the ATLAS and CMS collaborations.

vy ww /A Vbb T

ATLAS 1.6£03 1.0+£03 1.5+£04 -04+1.0 0.8£0.7
CMS 08+£03 08+02 09+£02 13406 1.1£04

—d -
Leg = —lz ?ff%u}’sfF””
f
. gq = a apy
- lzjqaﬂyysT qG*
q
dW abc uvpo (ya (1bAc
g e Gy, Gl G, (48)
lz A2 mfef ouwysfF*

+lZA2 qgsq uVSTa G

fabce/wpaGa GM G;Cw ,

+3 A2 %9, (49)
where we take the convention €°!?3 = +1. In the first line,
we have expressed the effective operators in terms of
dimensional coefficients, while in the second we have
followed Ref. [7] and rewritten the operators in terms of the
dimensionless quantities 67, 6,, and Cg; the scale of
physics beyond the Standard Model A; and the fermion
masses. Doing so is consistent with the approach of a low-
energy effective field theory, wherein one makes the
relevant scales and their hierarchy explicit. On general
grounds, one then expects the remaining dimensionless
Wilson coefficients to be comparable in magnitude, all
other considerations being equal. We note that in the
versions of the 2HDM considered here, the dipole operators
for a given fermion are naturally proportional to its Yukawa
coupling, though in other BSM scenarios they need not
necessarily be. Consequently, it is appropriate to scale out
the fermion masses. The dimensionless EDM, 6, the quark
CEDM, 5 and the gluon CEDM are related to the usual
deﬁnltlons by [7]

d_ (0 5 3C5\ _ (%5 _3C
dinpg\Q, """ 2 0, " 2

where ¢ = u, d, b, N =3, Cp = (N?
and f, = (11N — 2nf)/3

Between the 2HDM scale A and m,,, we use the n =35
version of the above RGE. In addition, there are

~1)/(2N) =4/3,

as

4
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2
I 2eQ,m,’ a 2m,
A%d,,
Cs = U 50
G 3gs ( )

Henceforth, we set A = v. The dominant contributions to
these coefficients arise at two-loop level at the 2HDM scale
A ~ v and have been summarized in Appendix A.

We also take account of the TVPV four-quark operators
that have an impact on the renormalization group (RG)
running. They arise in the 2HDM model at tree level from a
neutral Higgs exchange, as shown in Fig. 3. We are
particularly interested in the operators containing the
bottom quark, whose coefficients are enhanced when
tanf is large, thereby making a significant contribution
in certain cases. Those involving only light quarks are
suppressed by products of their small Yukawa couplings
and are, therefore, neglected here. The operators under
consideration are

4q Czl{ 7 7 - ~bq —.
Eeff = P(bb)(bl%b) A2 (bb)(ql}’SQ)
e
a7 (gq)(biysb), (51)

where ¢ = u, d. At the 2HDM scale A = v, these coef-
ficients are

Zmi
= cbl q.i»
— m2

~bq mbmq ~
Cl (A) = Z Cp,iCq.i>
i mh, itq.i

i

mym -
= Z m2 . Cp,iCh,i- (52)

i h;

CI ()

In order to calculate the neutron and atomic EDMs,
we account for the renormalization group running effect of
the one-loop QCD corrections. The Wilson coefficients in
Eq. (49) are evolved from A down to the GeV scale, based
on the RG equations (RGE) [30-32]

8Cy 0 0
S| —8cy 16CE —4N 0 , (53)

|
contributions through mixing from the four-quark operators
in Eq. (51). In particular, the coefficient C} mixes with—
and contributes to thee b-quark CEDM and captures the
leading logarithmic terms of the one-loop result [33]. The
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FIG. 3.
operators.

Tree-level contribution to the P- and T-odd four-quark

coefficients C7? and C¢” also contribute to the light quark
CEDM through RGE operator mixing, as discussed in
detail in [31]. This reproduces the leading logarithmic
terms in the Barr-Zee type contribution to the CEDM with a
b quark in the upper loop. In this calculation, we keep only
the leading logarithmic terms that make additional con-
tributions to the CEDMs of bottom and light quarks at the
matching scale u = my,:

1 A
ASy(my) WCQ(A)logm—l (54)
% 92 my  ~b b( A>2
AS, (m g Cq—f—Cq log— ) . (55
()~ g (O CF) (1og ) (59)

At the same scale, the bottom quark is integrated out and its
CEDM makes a shift to the Weinberg operator [31,34]

ACs(my) = “)5, ), (56)
where the b-quark CEDM &,,(m;,) at the m,, scale includes
both the top quark contribution Eq. (A2), which evolves
under the RGE, and the shift (54).

After takmg these renormalization effects, the coeffi-
cients 54, 5q, and C are further evolved down to the GeV
scale according to RGE with 4 or 3 flavors, for the interval
above or below the charm quark mass scale, respectively.

C. Current and future EDM constraints

We now analyze the constraints implied by null EDM
search results by considering, in turn, paramagnetic atoms
and molecules, the neutron, and diamagnetic atoms. Within
the context of the flavor conserving 2HDMs, constraints
from the paramagnetic systems translate into limits on the
electron EDM (d,), while in a model-independent analysis,
paramagnetic results bound a linear combination of d, and
a dimension-six semileptonic interaction. The neutron
EDM (d,,) is sensitive primarily to the quark EDM and
CEDMs, as well as the CP violation three-gluon operator,
while the CP violation four-(light)quark operator contri-
butions are subdominant in the 2HDM context. For the
diamagnetic systems, such as !’Hg, the quark EDM
contribution is, in general, relatively suppressed, as is a

PHYSICAL REVIEW D 89, 115023 (2014)

dimension-six semileptonic tensor interaction that can be
more important in contexts apart from the 2HDM. Thus, the
quark CEDM and three-gluon operators are the most
significant for the diamagnetic systems in the 2HDM.

1. Electron EDM

Currently, the electron EDM is most strongly constrained
by the ACME experiment [11], which searched for an
energy shift of ThO molecules due to an external electric
field. The external field induces the spin of the unpaired
electron to lie along the intermolecular axis, sampling
the large internal electric field associated with the polar
molecule. The measured energy shift is also sensitive to the
TVPV electron-nucleon interaction

G _
£t = —ZEcO%iy5eNN + - -, 57
eN /2 s €s (57)
where the “4----” denotes subleading semileptonic inter-

actions and the leading term arises from the four fermion
operators [7]

)/ (20%). (58)

In the 2HDMSs considered in this work, these four-fermion
operators are obtained by integrating out the neutral Higgs
bosons at tree level,

(IMCeqq(2iyse)(dd) — Imcge;u (eiyse)(iu

ImC< )

0 1)
C_<S‘) = _g§ )<ImC18dq lequ)

3
0 m, ~ -
= -2 Zmz (maCeicai+myCeicyui), (59)

i=1""h;

where g§0> is the isoscalar nucleon scalar density form

factor at zero momentum transfer (also known as the “o

rm”). The ACME experiment gives the constraint [11]

Eeed, + WsCY| < 7.0x 10718 eV, (60)

where the effective field experienced by the unpaired

electron is E = 84 GV/cm and Wy =12 x 107 eV.

Since C(S0 is proportional to the product of the electron

mass m, and light quark masses m, ,, one may safely

neglect the semileptonic interaction and translate Eq. (60)
into a bound on d, or, equivalently, J,.

2. Neutron EDM

The dependence of the neutron EDM on the leading
nonleptonic CP violation operators in the 2HDM is given

by [7]
= (eC45, + eld5,) + (elud, + elidy) + pSCs,  (61)

where we have set A = v as indicated earlier and the
central values [7] for the hadronic matrix elements are
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FIG. 4 (color online).
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Global fit to the LHC Higgs data on the event rates given in Table I, for different values of tan . (First row)

Type I model. (Second row) Type I model. The other parameters are chosen to be a. = 0.05, my+ = 420 GeV, m;, = 400 GeV and
my,, =450 GeV. The 1, 2, and 30 regions are in green, yellow, and gray, and the best-fit points are in blue.

g =0.82x 1078, ¢4 =-33x10%, & =0.82x107,
¢9=1.63x 1078, and % =2 x 1072 ¢cm. The exper-
imental upper bound on neutron EDM is [35]

d, <29x107% ecm. (62)

3. Diamagnetic atom EDMs

At present, the most stringent EDM limit has been
obtained on the 'Hg atom (see below). Efforts are under
way to increase the sensitivity of this EDM search, while
other groups are pursuing searches for the EDMs of other
diamagnetic atoms, including >*Ra and '*’Xe (for a
discussion, see, e.g., Ref. [12]). To follow, we will consider
the present 'Hg constraint, as well as the prospective
impact of future '’Hg and ?*’Ra searches. Diamagnetic
atom EDMs arise primarily from their nuclear Schiff
moments and a tensor semileptonic interaction. In the
2HDMs, the latter is suppressed by the same light fermion
Yukawa factors that suppress C(S0 . The Schiff moment is
generated by long-range, pion-exchange mediated P- and
T-violating nucleon-nucleon interactions, where one vertex
involves the P- and T-conserving strong zNN coupling and
the second consists of TVPV interaction

LY = N7 7+ 520+ 52 (22329 —7-7)N.  (63)

where the terms on the right-hand side correspond to
isoscalar, isovector, and isotensor channels, respectively.
In general, the isotensor coupling g,f is suppressed with
respect to the other two [7], so we include only the latter in
our analysis. Denoting the nuclear Schiff moment as S, one
has [7]

2myga
F

(aogﬁ,o) + algl(rl))v (64)

ng = K.'5S%KS
n

where g, ~ 1.26 and F, = 186 MeV. For '*’Hg, we take
the central values for the nuclear matrix elements from
Ref. [7] (ap = 0.01 efm? and a; = £0.02 e fm?), while
the atomic sensitivity coefficient is kg = —2.8 x 107* fm~2
[36].4 For radium, the central values are ay = —1.5 e fm?,
a; = 6.0 efm?, and kg = —8.5 x 10™* fm~2 [36].

At the hadronic level, the TVPV coefficients g,(,o’l)
from quark CEDMs and the Weinberg operators [7]

arise

“We note that Eq. (5.181) of Ref. [21] omitted the minus sign
on this value of k.
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—(0 ~ =~ e G
3 = )87 +85) + 1§, Ce

(1) _ =~ %6 % G

& =iy (85 - 89) + 75 Ca. (65)
where the hadronic matrix elements are 77(g) = —2 X 1077,
finy = —4x 107, and y G, ~ y(j) = 2 x 107°. There is also

a contribution to g,  from the parity-violating four-quark
operators, which we find to be unimportant for the
2HDMs here.

The current experimental upper bound on mercury EDM
is [37]

dyg <3.1x 107 ecm, (66)

and we will use a conservative future sensitivity for the
radium EDM [12]

dgy < 10727 ecm. (67)

IV. RESULTS

A. LHC Higgs data constraint

We perform a global fit to the Higgs data given in Table I,
where all the measured event rates are normalized to the
SM predictions and are of the form us + 6. The employed
x? is defined as
Z o, Brhﬁf/(ﬁif“Bri?if) — Ky

2 ’
Gf

]2

7= (68)

!

where the sum goes through all the Higgs decay channels.
The results are shown in Fig. 4 in the two-dimensional
a;, — a plane, for fixed values of tanf = 0.6, 1, and 5,
respectively. The 1, 2, and 30 regions are in green, yellow,
and gray, and the blue points represent where the best fit
is found.

Clearly, the SM limit always gives a good fit, well within
lo. However, we find that for low values of tanf <1,
nonzero CP violation is preferred over the SM. This is
mainly driven by the excess in the diphoton channel which
still persists at ATLAS. We also find when tanf ~ 1 and
a= p — /2, the largest possible «,, is allowed. In this case,
the Higgs couplings defined in Eq. (15) are |¢,| = |c,| =
la| ~ cosa, and |¢,| ~ |¢}| ~ sina,. The resulting y? is a
function of cos? a,, which, when a; — 0, approaches y%y,
for the SM case. Because the cosine function is rather “flat”
around the origin, there is substantial room for a,, to deviate
from zero, while y* — y3,; still remains small. The physical
effect of nonzero CP violation is to enhance the rate for
h; — yy and suppress the rate for the Vbb channel. At the
same time, the Higgs total width is also slightly reduced. At
large tan 3, we find the effects of CP violation are being
enhanced; thus, the good fit region shrinks with the
increasing tan 5. These facts suggest that the best place

PHYSICAL REVIEW D 89, 115023 (2014)

to look for a sizable possible CP violation angle is
when tanf ~ 1.

As indicated by Fig. 4, the LHC Higgs data imply strong
constraints on the CP conserving angle a, while the
constraints on the CP-violating angle a;, are generally
relatively weaker. As we discuss below, EDM searches are
more sensitive to the nonzero a,, but less sensitive to a. In
short, the Higgs studies and EDM searches provide
complementary probes of the type I and type I 2HDMs.

B. Electron EDM constraint

Drawing on the Wilson -coefficients computed in
Appendix A; the hadronic, nuclear, and atomic computa-
tions summarized in Sec. IIIC; and the present and
prospective EDM search sensitivities, we present numerical
results for the EDM constraints on the CP violation
parameter space. We give resulting constraints in the
tanf vs. sinaq;, (Fig. 6), as well as a breakdown, or
anatomy, of the various contributions and their RG evolu-
tion as a function of tan# (Figs. 5, 7, 8, and 9). We also
discuss the implications of the constraints for the 2HDMs
and the impact of the various hadronic and nuclear
uncertainties.

We first consider the electron EDM, whose current limit
is set by the ACME Collaboration, d, < 10.25x 107?° ecm
at 95% confidence level. Strictly speaking, ACME sets a
bound on the linear combination of d, and a CP-odd four-
fermion operator [see Eq. (60)]. In practice, we note the
four-fermion contribution is always subdominant in the
flavor conserving 2HDMs.

In Fig. 5, we plot the anatomy of various contributions
[see Eq. (A12) in the Appendix] to the electron EDM as
functions of tan . Here we have fixed the CP violation
angle a, = 0.7 x 1072 and have then determined a, using
Eq. (43). We note that the two solutions o give very
similar plots. We fix the other parameters to be
my+ =420 GeV,  my, =400 GeV, my,, =450 GeV,
v=10,and a=p—n/ 2.7%7 We find the dominant con-
tributions are always from hyy or Hyy (H = hy, h3)
diagrams at low or high tanf regimes, respectively.
Around tan =~ 10-20, they have comparable magnitudes
and opposite signs, leading to a cancellation in the total d,.
This cancellation leads to a sign change in d,, but since we

We have ensured that our choice of masses is consistent with
constraints from electroweak oblique parameters. General ex-
pressions for oblique parameters in 2HDM were given by Grimus
et al. [38].

%The charged Higgs mass is chosen to be > 380 GeV in order
to satisfy B — X,y bounds [39]. _

"We note that the reported 3.4¢ deviation of the rate for B —
D75, [40] from the SM prediction cannot be accommodated
by the 2HDM scenario analyzed here. For the parameter space
that we consider, the discrepancy does not increase, though
introduction of additional interactions would be needed to
account for the difference. A study of the possibilities goes
beyond the scope of the present study.
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FIG. 5 (color online). The anatomy of various contributions to the electron EDM in flavor conserving 2HDMs. (Left panel) Type I
model. (Right panel) Type II model. We plot the absolute values, so the dip in the curves implies a sign change. Parameters are chosen to
be a=p—-n/2, a,=0.7x1072, my- =420 GeV, my,, =400 GeV, m;,, =450 GeV, and v = 1.0. The parameter a, is not
independent and is obtained using Eq. (43), and we note that the two solutions o give very similar results here.
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FIG. 6 (color online). Current constraints from the electron EDM (left panels), neutron EDM (middle panels) and '*Hg EDM (right
panels). (First row) Type I model. (Second row) Type Il model. In all plots, we have imposed the condition that « = # — /2. The other
parameters are chosen to be my+ = 420 GeV, m;,, = 400 GeV, m,,, = 450 GeV, and v = 1.0. Again, a, is a dependent parameter
solved using Eq. (43). The purple region is theoretically not accessible, because Eq. (43) does not have a real solution. For the neutron
and mercury EDMs, theoretical uncertainties from hadronic and nuclear matrix elements are reflected by different curves. For the
neutron EDM, we vary one of the most important hadronic matrix elements: Zjﬁ = 1.63 x 1078 (solid, central value), 0.4 x 1078 (dot
dashed), and 4.0 x 108 (dashed). For the mercury EDM, we take different sets of nuclear matrix element values: aq = 0.01, a; = 0.02
(solid, central value), ay = 0.01, a; = 0.09 (long dashed), ag = 0.01, a; = —0.03 (dashed), aq = 0.005, a; = 0.02 (dotted), and

ay = 0.05, a; = 0.02 (dot dashed).
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FIG. 7 (color online).
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The anatomy of various contributions to the neutron EDM in flavor conserving 2HDMs. (Left panel) Type I

model. (Right panel) Type Il model. We plot the absolute values, so the dip in the curves implies a sign change. The model parameters

used are the same as in Fig. 5.
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FIG. 8 (color online).
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(0)

The anatomy of various contributions to the g, y, for atomic EDMs in flavor conserving 2HDMs. (Left panel)

Type I model. (Right panel) Type II model. We plot the absolute values, so the dip in the curves implies a sign change. The model

parameters used are the same as in Fig. 5.

plot |d,| it appears as a spike going toward zero. The
H*WT¥y contribution can give corrections as large as 20%
at large tanf. The hZy or HZy contribution is always
subdominant, because it is accidentally suppressed by the
small Zee vector coupling, proportional to (1 — 4sin’6y,).

The first column of Fig. 6 shows the ACME exper-
imental constraint, where the blue region is excluded. Here,
in order to compare with the fit to LHC Higgs data results in
Fig. 4, we have made the plots in the sin a,—tan  plane.
Again, for a given a;, = 0.7 x 1072, there are two solutions
for a, from Eq. (43): aF. We find that all the EDM
constraints for both choices give very similar results. For
the type II 2HDM, there are two cancellation regions in
tanfB. The one near tanff ~1 was recently noticed in
Ref. [4,41], which is due to the cancellation between the
top quark and the W loop in the hyy type diagrams. The
second region is near tan & 10-20, due to the cancellation
resulting from the hyy and Hyy contributions. As we will
show below, these cancellation regions can be closed
when the neutron and mercury EDM limits are taken into
account. A generic feature is that, for growing tan 3, the

EDM constraints become weaker in the type I 2HDM but
stronger in the type II 2HDM, which can be understood
from the tan  dependencies in Eq. (27).

C. Ineffectiveness of a light-Higgs-only theory

From the discussion of electron EDM, we have learned
that the heavy Higgs contributions via Hyy and H*W¥y
diagrams make non-negligible contributions to the total
EDM. They can even be dominant at large tan # 2 20. This
example illustrates the ineffectiveness of the “light Higgs
effective theory,” often performed as model independent
analyses, which include the CP violation effects only from
the lightest Higgs (a mass of 125 GeV). The key point is
that a CP-violating Higgs sector usually contains more than
one scalar at the electroweak scale, and all of them have CP
violation interactions (in general). The total contribution
therefore includes CP violation effects from not only CP
even-odd neutral scalar mixings, but also the CP violation
neutral-charged scalar interactions from the Higgs poten-
tial. This is necessarily model dependent. In this work, we
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The Wilson coefficients at the 2HDM scale (left column) and the GeV scale (right column). (First row) Type I

model. (Second row) Type I model. We plot the absolute values, so the dip in the curves implies a sign change. The differences reflect
the effects of leading-order QCD corrections in the RG running. The model parameters used are the same as in Fig. 5.

have included the complete contributions to EDMs in the
flavor conserving (type I and type II) 2HDMs.

D. Neutron EDM constraint

Next, we consider the neutron EDM, whose current
bound is |d,] < 2.9 x 1072° ecm. In Fig. 7, we plot the
anatomy of neutron EDM, this time in terms of the various
dimension-six operator contributions. The parameters are
fixed as in Fig. 5, and the contributions to neutron EDM
from light quark EDMs, CEDMs, and the Weinberg three-
gluon operator are shown as functions of tan 5. The plot
shows that in the type II model, the quark CEDM
contributions to neutron EDM are larger than those from
quark EDMs. In type I, these two contributions are similar
in size. In both cases, the effect of the Weinberg operator is
smaller. Also, in both types, EDM and CEDM contribu-
tions have the opposite sign, and total neutron EDM tends
to be suppressed as a result. However, these statements
depend on the hadronic matrix elements being close to their
current best value.

The second column of Fig. 6 shows the bounds in the
sina,—tan plane. The green regions are excluded for
three different choices of the hadronic matrix elements.
Specifically, the down quark CEDM matrix element (¢
takes the values 1.63 x 108 (solid), 0.4 x 10~% (dot

dashed), and 4.0 x 10~® (dashed). This matrix element
has a large impact, because the down quark CEDM is the
largest Wilson coefficient for most values of tan /. In the
type II model and the most sensitive case with the largest
matrix element Z = 4.0 x 1078, a,, is constrained to be of
order 0.1 or smaller. In the least sensitive case
(€% =04x107%), no part of the sinay—tan/ plane is
excluded (with @ = 8 — z/2). The neutron EDM constraint
is quite weak in the type I model, due to the near-total
cancellation of the quark EDM and CEDM contributions.®

E. Mercury EDM constraint

We now come to the '"Hg EDM limit of
dy,| < 3.1x 10‘29 ecm. The anatomy of the isoscalar
zNN coupling g,,NN is shown in Fig. 8. Parameters are
chosen as in Figs. 5 and 7, and contributions from the up
and down CEDM Weinberg operator are plotted as func-
tions of tan 5. The four—quark operator involving the up and
down quarks also adds to gfm)uv’ but this effect is negligible,
as shown in the type II plot. In the type I model, this effect
is even smaller. The down quark CEDM gives the largest
contribution to the zZNN coupling in the type II model, but

¥This cancellation depends crucially on the relative signs of the
hadronic matrix elements; see below.
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the Weinberg operator can be important for large tan . In
type I, the up CEDM consistently makes up the largest bulk
of 9;(1(1)\31N-

The parameter space excluded by the '""Hg result is
plotted in the right column of Fig. 6. As for the eEDM and
nEDM plots, « is assumed to have the SM value of f — 7/2.
The general shape of the excluded region is similar to that
in the other two experiments, with the weakest limits on «,,
near tan # = 1. As in the neutron case, our limits depend
heavily on the value of hadronic and nuclear matrix
elements. For illustration, several choices of the nuclear
matrix elements a, and a; are shown. The current best
values of ay = 0.01 efm? and a; = 0.02 e fm? are repre-
sented by the solid line. In general, larger absolute values
for the matrix elements imply stronger bounds, as expected,
and the locations of cancellation regions are sensitive to the
ratio between a, and a;. In the more sensitive cases, a;, can
be constrained to 0.1 or smaller at all values of tan f.

F. Hadronic and nuclear uncertainties

We have noted in the discussion of neutron and '”Hg
constraints the effects of hadronic and nuclear matrix
elements. Currently, calculations of these matrix elements
are riddled with large uncertainties [7]. For the magnitudes
of the matrix elements, there is guidance from naive
dimensional analysis, which takes into account the chiral
structures of the operators in question. However, the precise
value of matrix elements involving quark CEDMs and the
Weinberg three-gluon operator are only known to about an
order of magnitude, and dimensional analysis does not tell
us the signs of the matrix elements. We highlight two places
where these uncertainties can change our results.

(1) In Figs. 7 and 8, we see that the Weinberg three-
gluon operator is always subdominant as a contri-
bution to the neutron and mercury EDMs. It is
possible, though, that the actual matrix element may
be an order of magnitude larger than the current best
value. Then, the Weinberg operator would make
the largest contribution to the neutron and mercury
EDMs at large tan # in the type II model.

(ii) In the left panel of Fig. 7, the quark EDM and
CEDM contributions to nEDM in the type I model
are shown to be nearly equal, but with opposite
signs, suppressing the total neutron EDM in the type
I model. If the overall sign of the CEDM matrix
element is opposite to that used here, the two effects
would add constructively, making the neutron EDM
limit much stronger.

In the absence of hadronic and nuclear matrix element
uncertainties, improvements in neutron and diamagnetic
atom searches will make them competitive with the present
ThO result when constraining CP violation in 2HDM. At
present, however, theoretical uncertainties are significant,
making it difficult to draw firm quantitative conclusions
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regarding the impact of the present and prospective neutron
and diamagnetic EDM results.

G. QCD running

Figure 9 illustrates the differences in the Wilson coef-
ficients between the UV (weak) scale and the IR (hadronic)
scale. For the type I model (top panels), there is no dramatic
difference between the magnitude of the coefficients other
than a slight enhancement in quark EDMs and CEDMs.
For the type II model (bottom panels), however, there is a
significant difference in the tanf dependence and the
relative magnitudes of the coefficients. Part of this differ-
ence is explained by diagrams involving b quarks, which is
not yet integrated out at the UV scale. Specifically, many of
the growing behaviors at large tan 8 for the d-quark CEDM
and the Weinberg operator are accounted for by simply
adding the b-quark diagrams. However, the growth of the
u-quark EDM and the u-quark CEDM at large tan  and the
similarity of EDM and CEDM for each quark at all values
of tan f# are mainly due to the operator mixing in QCD. For
this reason, we observe that QCD running must be taken
into account when making quantitative claims about
hadronic sources of CP violation.

H. Combined EDM constraints: Present and future

We summarize the combined EDM constraints of the
electron (blue region), neutron (green), '*’Hg (red), and
225Ra (yellow) in Fig. 10. For the neutron and atomic
EDMs, we use the central values for the hadronic and
nuclear matrix elements. The first column shows the
present constraints. We find that the bound on electron
EDM from the ACME experiment is presently by far the
strongest, except for the cancellation region, which is
closed by the mercury and neutron EDM bounds. The
current constraints are, roughly, «,,, . < 0.1 for all tan 8 in
type Il 2HDM. For the type I model, the constraints are
a, < 0.1, while a. can still be of order 1 for tanf = 5.
Therefore, it could be easier to search for CP violation
effects related to the heavy scalars if they are discovered in
future collider experiments.

The second column of Fig. 10 shows the future con-
straints if the neutron and mercury EDM experiments
improve the current sensitivities by a factor of 10. We
have also shown the future constraints in blue dashed
curves if electron EDM is improved by another order of
magnitude. The last column shows the situation when the
neutron EDM limit is improved by a factor of 100, which is
the goal for the experiment planned for the Fundamental
Neutron Physics Beamline at the Oak Ridge National
Laboratory Spallation Neutron Source. For the type II
2HDM, we find that the future neutron EDM experiments
can improve the current limit on the CP violation angles «;
and a, by 1 order of magnitude. The radium EDM also has
the prospect of giving a comparable limit.
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FIG. 10 (color online).

Current and prospective future constraints from electron EDM (blue), neutron EDM (green), mercury EDM

(red), and radium (yellow) in flavor conserving 2HDMs. (First row) Type I model. (Second row) Type II model. The model parameters
used are the same as in Fig. 6. Central values of the hadronic and nuclear matrix elements are used. (Left column) Combined current
limits. (Middle column) Combined future limits if the mercury and neutron EDMs are both improved by 1 order of magnitude. Also
shown are the future constraints if electron EDM is improved by another order of magnitude (in blue dashed curves). (Right column)
Combined future limits if the mercury and neutron EDMs are improved by 1 and 2 orders of magnitude, respectively.

Finally, we comment on the effects of changing the
masses of the heavy scalars. While we have only presented
the results for the case when the extra scalars have masses
of order ~400 GeV, we have performed the same analyses
with different masses of up to ~500 GeV. The constraints
on the CP violation angle a; become slightly weaker with
heavier new scalars, but we find that there is no qualitative
difference to our conclusions.

V. SUMMARY

The nature of CP violation beyond the Standard Model
remains a question at the forefront of fundamental physics.
The cosmic matter-antimatter asymmetry strongly implies
that such a BSM CP violation should exist, but the
associated mass scale and dynamics remain unknown.
With the observation of the 125 GeV boson at the LHC,
it is particularly interesting to ask whether the scalar sector
of the larger framework containing the SM admits new
sources of CP violation and, if so, whether their effects are
experimentally accessible. In this study, we have explored

this question in the context of flavor conserving 2HDMs,
allowing for a new source of CP violation in the scalar
potential. The present constraints on this type of CP
violation are generally weaker than for scenarios where
the BSM directly enters the couplings to SM fermions, as
the associated contributions to electric dipole moments
generically first appear at two-loop order. In this context,
we find that present EDM limits are complementary to
scalar sector constraints from LHC results, as the latter
generally constrain the CP-conserving sector of the type |
and type II models, whereas EDMs probe the CP violation
parameter space. Moreover, despite the additional loop
suppression, the present ThO, '"Hg, and neutron EDM
search constraints are quite severe, limiting |sina,| to
~0.01 or smaller for most values of tan .

The next generation of EDM searches could extend the
present reach by an order of magnitude or more and could
allow one to distinguish between the type I and type II
models. In particular, a nonzero neutron or diamagnetic
atom EDM result would likely point to the type Il model, as
even the present ThO limit precludes an observable effect
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in the type I scenario, given the planned sensitivity of the
neutron and diamagnetic atom searches. Furthermore, it
appears that a combination of searches using different
systems would be needed to achieve a comprehensive
probe of the relevant parameter space in the type Il model.
We emphasize, however, that these expectations are some-
what provisional, given the present substantial uncertainties
associated with computations of the hadronic and nuclear
matrix elements that we have quantified in this study.
Achieving more robust computations would be particularly
welcome, especially given the role of neutron and dia-
magnetic atom EDM searches in probing the type II flavor
conserving 2HDM.
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APPENDIX A: WILSON COEFFICIENTS OF
P- AND T-ODD OPERATORS AT
THE 2HDM SCALE

In this appendix, we give the results of all the Wilson
coefficients by integrating out the heavy particles at the
2HDM scale, A ~ M . At this scale, the bottom quark is
still light, and we discuss the matching conditions at the
my, scale in Sec. IIIB. The total contributions to the
Weinberg, CEDM, and EDM operators are Egs. (A1), (A2),
and (A12), respectively.

1. Two-loop Weinberg operator

From Ref. [42], the contribution to the d = 6 Weinberg
operator arises from the top loop, as shown in the left panel
of Fig. 11, which gives

PHYSICAL REVIEW D 89, 115023 (2014)

g 1
ColM) = (Co)i = =3 1258

3
Z h()(mt/mh,-)cz.i&t,iv (A1)
i=1

where the function h(x) can be found in Appendix B.

2. Two-loop Barr-Zee type contributions to CEDMs

For light fermions, the dominant contributions to their
EDMs and CEDMs come from the two-loop Barr-Zee type
diagrams [43], as shown in the middle and right panels
of Fig. 11.

For the CEDM, the top quark in the upper (shaded) loop
is first integrated out to obtain the #;GG or h;GG operators,
which then contribute to the CEDM operators [44]

S4(A) = (5,

_ gl

3
S Ao A [f(zh)eriqi + 9(20)Eric,:]. (A2)
128x* ; a a

where g =u, d, b and 7l = mj%l /m%[. The two-loop
functions f(x) and g(x) can be found in Appendix B.

3. Two-loop Barr-Zee type contributions
to EDMs: Diagrams with H'yy and H'Zy

The corresponding Barr-Zee type EDMs for light fer-
mions are obtained with operator 4, F'F or h;FF from the
upper (shaded) loop. See the right panel of Fig. 11. The
contribution from the top quark is

(67){"" = =N Q07 e
3

X Z [f(zD)ericri+g(zi)Eicrdl.

i=1

647"

(A3)

Here, the external fermions relevant for our calculations
are f = u, d, e. The analog contribution is to replace the
photon propagator with that of the Z boson. It is worth
noting that only the vector current of the Zff coupling
enters into the final EDM, which is

FIG. 11.

. b
wt,Gt
g N \hz ¥,z N \hi
f f f f

(Left panel) Two-loop contribution to the Weinberg operator with CP violation neutral Higgs mixings. (Middle panel) Quark

CEDM from Barr-Zee type diagrams with gh; exchange and CP violation neutral Higgs mixings. The conjugate diagrams are not
shown. (Right panel) Quark or lepton EDMs from Barr-Zee type diagrams with yh; or Zh; exchange and CP violation neutral Higgs

mixings.
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with gij = g(
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(A4)

—20/sin’0y) /(2 cos Oy). The loop functions }(Z,x) and g(z,x) can be found in Appendix B. The

corresponding bottom quark loop contribution is properly taken into account in Sec. III B.
In the right panel of Fig. 11, the particles in the upper (shaded) loop can also be the W boson and its Goldstone boson.
The gauge invariant contributions have been obtained in [45,46],

(85 )w" = Qe 25642[(

1 3
NZr v - _ copl
Or)w" = 927197ww 356, Zi:l [(6 el 0k

+ (10 — 3sec?d

where z}, = M3, /mj and gyyz/e = cotOy.

Similarly, the physical charged scalar can also run in the
loop of Fig. 11. This is similar to the quark contribution
discussed in the supersymmetric framework [47]. With the
couplings defined in Eq. (30), its contributions to EDM are

3
)2 Z [f(zh) = Q(ZZ)]Ziaf,h

i=1

hyy _ 1
( ) Qfe 256 4(

(A7)

1 v \?
hZy _ vy
(5f)H+ —ngfQZH+H‘ —256714 (mm)
3 ~ . . -
X Z f (2 omiye /M%) = §(2fy miy [ MZ))Aile i,
i—1
(A8)

with zj; =mj, /m; and g7+ - /e = cotOy (1 —tan’dy) /2.

4. Two-loop Barr-Zee type contributions to EDMs:
Diagrams with H*W¥y

The left panel of Fig. 12 represents the contribution
where the upper loop yields an H*WTy operator. This
contribution has not been included in the 2HDM calcu-
lations until very recently [46] (see [48] for the counterpart
in supersymmetric models).

Here we would like to stress that it arises from the only
source of CP violation in the Higgs potential. In the
effective theory language, the possible gauge invariant
operators for the upper (shaded) loop include

C--¢T"—awa ¢ B Cqﬁ*"—awa ¢ B" (A9)
l./i2 u'tj ’ lji2 uv¥j s

2 —sec? @y,
27,

)+ (10 )t ay (a9
2—sec’ 0w\~ ;
) ek o)
)g(z; COSZQW>:| a;cy., (A6)

where C;; and C ;j are the Wilson coefficients. Because of
the CP properties, fermion EDMs are proportional to the
imaginary part of C;; or the real part of C;;. Here we argue
that, in the flavor conserving 2HDMs discussed in this
work, only the scalar loop could contribute to C;, and,
eventually, to EDMs. A representative diagram is shown in
the right panel of Fig. 12. It is proportional to
m(Zsmi3vivs) = =|Asmiyvivs|sindy.  (A10)

Using the relation in Eq. (13), the above quantity is indeed
related to the unique CP violation source in the model.

The fermionic loops do not contribute because the
physical charge Higgs and quark couplings have the
structure proportional to the corresponding CKM element.
As a result, the coefficients C;; are purely real and Cj;
are purely imaginary. They contribute to magnetic dipole
moments instead of EDMs.

The gauge invariant contributions to EDMs from this
class of diagrams have been calculated recently in [46]:

HO/H+

wE N HTF ) N HY

A 77477077477*—4—2—
HY HY \*
/ + +
f f fow < H

FIG. 12. (Left panel) Quark or lepton EDM from W*HT
exchange and CP violation nggs interactions. (Right panel) A
scalar loop contribution to the ng a Wi, ¢, B effective operator,
which then contributes to EDM as the upper loop of the left panel.
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o2
HWy ~ 5~
(5,1‘)11 512”4 fZ Lsm 9 1—4(’";1, )aicf.i _IS(m%[’m%.rr)/licf,i ) (A1)
|
where the functions Z, s(m3, m3) are given in Appendix B.
The coefficient s, = —1 for up-type quarks and s, = +1 ~ yf(x)  xf(y)
for down-type quarks and charged leptons. f(x.y) y—x Tz y’ (BS)
To summarize, the total contribution to fermion EDM is
the sum of Eqgs. (A3)-(A8) and (All),
X) X
B1(8) = (617 + (3,17 + (8} fx.y) =200 4 290), (B6)
hz h hZ HW yoxo XY
+ 0w + (6" + (O + (8- (A12)
M3,
Zys(mi,m3) = 27]‘42(145(Mw’m1) Iy.s(m3, m7)),
APPENDIX B: LOOP FUNCTIONS My —
In this appendix, we collect all the loop functions used in (B7)
previous sections:
4 1 1 3.3 _
< xy’(1-x) 1 m2,. —m3
=— d d , 2 2\ PRV i A
2 /0 A (=) F (=) (=02 Lalrmma) = / dz(1-2) (Z MR VS )
(B1) -
2 (1 _ — 21—
() Z/ld 1—2)6(1—)c)1 x(1=x) (82) M (12 2) + myz — miz(1 = 2)
Z) == X (0] s _
2 0 x(l —x) —Z g 4 XlOgMW(l Z)+m2z’ (BS)
miz(1 - z)
1 x(1=x)
lo , B3
A l—x )—2 & z (B3)
1 m2Z(] _ Z)2
z [1 Is(m?, m?) = dz 1
EA dx——F— x(l—x) s(mi,m3) o Mp(1—z)+miz—miz(1-2)
M3,(1—z) + miz
z x(l - x) x log —~ 2= (B9)
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