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Probing dark sector CP violation with electric dipole moments and colliders
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We study the experimental constraints on CP violation originating in a dark sector that communicates
with the Standard Model through a Higgs portal coupling H'HZ,,,Z'**, where the Z' is from a new U(1)
gauge symmetry which is assumed to couple to lepton number. We compute explicitly the leading two-loop
contribution of this effective operator to the electron electric dipole moment (EDM) and show that the
resulting constraints are comparable to those from direct Z’ searches at electron-positron colliders when the
effective operator is generated at tree level. We also examine an explicit UV completion for this effective
operator that was first introduced to achieve electroweak baryogenesis and show that collider constraints
from B factories already exclude viable baryogenesis for Z’ masses below 10 GeV, and that future electron-
positron Higgs factories will exclude viable baryogenesis for Z' masses up to the e*e™ center-of-mass
energy if anticipated luminosities are achieved. For higher Z' masses, the full viable baryogenesis
parameter space lies within 6 orders of magnitude of the current upper bound on the electron EDM.
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I. INTRODUCTION implies a rather high new physics scale A Z 1000 TeV

. . . y _ 2 .
Physics beyond the Standard Model (SM) that features based on a naive parametn.zatlon, de = em,/A”. This
a new source of CP violation has been long searched !ower bound can be relaxed if the above EDM operator
for experimentally, motivated by the observed baryon- is generated at the loop lev.e ! t?y fundamental. theories. .
antibaryon asymmetry in the Universe. Any new physics SEZI?trO‘Zﬁak bgryogenesm t.l S d .Weﬂ;Studle? icer;ano
theory that accommodates a successful baryogenesis [5-25] wi ] various ncarnations m the confext of -an
mechanism necessarily introduces a new source of CP extended Higgs sector of the SM, supersymmetry, and so

violation [1] because the amount of CP violation in the SM on. In most scenarios, new fe. ons with masses .not .far
. . . . above the electroweak scale are introduced, and CP violation
is known to be insufficient. The CP-violation source could

oceur throush new particles whose masses are far above the  °CCWS through their interactions with the Higgs field. During
electroweakg scale pNonetheless CP-violating effects can the epoch of a strong first-order electroweak phase transition,
propagate at quanium level to tI;e SM particl ei and impact the CP-violating interaction first creates a chiral charge
SM precision measurements. Electric dipole moments asymmetry in the new fermions. The asymmetry stgred n

I left-handed fields that are charged under SU(2), is then
(EDMs) are among the most sensitive observables to probe

this effect [2,3]. At the effective operator level, the electron goﬁzfe rrtgg li?cézse:argfriozsyggetgs bt}lllethsofr:rlzstr(;)rm?r?k
EDM d’ is defined as p p . gles, p g

contribution to the electron electric dipole moment can be

, evaluated using the effective operator language. After inte-

[ — — & 26,,iyseF,. (1.1) grating out the new fermions at loop level, the CP-violation
effect first manifests as operators of the form

The most recent experimental limit on the electron H'HF ny w, H'HF ﬂIJZMD’ (1.3)
EDM [4]

where F, Z are the field strength tensors of the photon
and Z-boson fields, respectively, and F* =Le"F,.
Through another loop, these operators can contribute to the
electron EDM [26]. Taking the cutoff scales A of the above
operators to be the electroweak scale, such a Barr-Zee-type
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where @cpy 1s a physical phase factor that controls the size
of CP violation. The current electron EDM limit leads to
Ocpy < 1073 barring accidental cancellations [22,26,29-32].
Such a small CP phase imposes strong challenges to many
traditional models for electroweak baryogenesis.

In recent years, a few novel directions in model building
have been pursued to alleviate the above tension. The idea
we will explore in this work is to break the CP invariance
in a dark sector composed of SM gauge singlet fields
[33—35].1 More concretely, we focus on the model con-
structed in Refs. [33,34]. The dark sector interacts with the
SM sector via a vector Z' portal and a Higgs portal. In the
early Universe, the Higgs portal interaction can trigger a
strong first-order electroweak phase transition. The inter-
action of a dark sector fermion y with the bubble wall is CP
violating and first creates a chiral charge asymmetry in the
dark fermion number distributions. The Z’ portal is in
charge of transmitting this CP-violation effect to the SM
sector through its Coulomb background which provides a
chemical potential term for SM fermions. The latter serves
as the source term for the sphalerons to generate the baryon
asymmetry. It has been pointed out in [33,34] that the
contribution to EDMs in such a framework is parametri-
cally suppressed compared to traditional electroweak
baryogenesis models. Indeed, because the dark sector
fermions for CP violation are SM gauge singlets, the
above H'HF ,,,,F”” and H'HF ”DZ"” operators are not
present at one loop. Instead, only the following operator
may be generated at one-loop level”:

H'HZ,,7'". (1.5)
Importantly, this operator cannot contribute to the electron
EDM at the next-loop level because neither of the Z' bosons
has a photon component.3 A (loop-generated) kinetic
mixing between the Z' and photon fields can only produce
the EDM radius operator, which is not important [44].
Assuming that the Z’ boson couples to the vector current of
the electron,4

'Alternative options include pushing the electroweak phase
transition temperature and the corresponding CP-violating
fermion masses to a higher scale using the symmetry non-
restoration idea [36,37]. However, this typically introduces a
large number of degrees of freedom to the Higgs sector of the
theories [38—41].

Depending on the dark sector details, the leading contribution
to H' H Z;WZ/”” could occur only at two-loop level [34], leading to
an even more suppressed EDM.

3This makes a key difference from the operators and class of
models explored in [42,43].

*“This vector coupling arises if the Z’ gauges lepton number, as
motivated by the UV completion that we will introduce in Sec. IV.
Alternatively, a Z' gauging baryon number could be introduced,
this would contribute primarily to quark EDMs, which are con-
strained by neutron EDM measurements. These constraints are
considerably weaker than those from the electron EDM that we
consider here.

JdZ,ey'e, (1.6)
the leading contribution of the above operator to the
electron EDM must occur through an additional two loops.
Moreover, its value is controlled by the new gauge coupling
¢ and the Higgs portal parameter which are constrained
experimentally. Thanks to these parametric suppressions,
the fundamental CP-violating phase @cpy is allowed to be
of order one. This opens up a new class of viable models for
baryogenesis at the electroweak scale without suffering
from the present EDM constraints.

Of course, the goal of such dark sector model building is
to reconcile the tension between EDMs and electroweak
baryogenesis, rather than erasing the EDM predictions
completely. On the contrary, EDMs still serve as an
important potential test of the new CP-violating source.
Therefore, it is important to quantify the contribution to
EDMs from the dark sector, as well as the prospects of
complementary experimental probes. We will address these
questions in this work.

This article is organized as follows. In Sec. II, we
calculate the leading contribution to the electron EDM
in the presence of the dark sector CP-violating source
in Eq. (1.5) together with the Z' portal interaction of
Eq. (1.6), and derive a lower bound on the cutoff scale A. In
Sec. III, we explore other experimental constraints from Z’
searches at electron-positron colliders and Higgs physics at
the CERN Large Hadron Collider (LHC), which serve as
important complementary probes. In Sec. IV, we present an
explicit UV completion for the above effective operator
which also accommodates successful electroweak baryo-
genesis. The constraints and interplays in this model will be
discussed. We conclude in Sec. V. Some details of a direct
diagrammatic calculation of the electron EDM are collected
in the Appendix.

II. LEADING CONTRIBUTION TO THE
ELECTRON EDM

In this section, we take an effective theory approach and
evaluate the contribution to the electron EDM from dark
sector CP violation. Our starting point is the following
Lagrangian:

1 1 1 .
L=Low=7Z,2" + EMZ,Z;,Z’” +2 H'HZ,, 7"

+ 9 Z,(Er + Dertuy), (2.1)
where we assume that the Z' is the gauge boson of U(1)
lepton number, and # = e, u, 7. The coupling of the Z’
boson to an anomalous vector current of SM fermions with
respect to SU(2)? is a necessary condition for the baryo-
genesis mechanism in [33] to work. Such an effective
Lagrangian is valid if the dark sector states responsible
for CP violation are heavy and integrated out, leaving the
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FIG. 1. Diagrams (a)—(f) contributing to the electron electric dipole moment from the hZ,/wZ’ H effective operator (denoted by the black

dots) at two-loop level.

CP-violating effect manifested by effective operators
involving the portal fields, the Higgs boson, and the Z'.

Two remarks on the above setup are in order. First, the
above effective theory does not cover all possible UV
theories for CP violation. Here we are primarily interested
in CP violation from a dark sector composed of only SM
gauge singlet fields inspired by the electroweak baryo-
genesis scenario proposed in Ref. [33]. Within this context,
CP violation from the dark sector can propagate to the SM
sector through the Higgs boson and Z’ portal interactions. It
is worth noting that the dark sector CP violation considered
here is structurally different from the “dark CP violation”
pursued in Refs. [45-50], despite similar names. Second,
the integrating out of heavy particles that generate the
dimension-six operator in Eq. (2.1) could also generate the
CP-even operator H'HZ),,Z'* with a similar cutoff scale.
Such an operator can contribute to the magnetic dipole
moments of the electron (or muon) through a similar set of
diagrams to Fig. 1. However, the experimental sensitivity to
A from magnetic dipole moment measurements is less
constraining compared to that from the EDM.

In Sec. IV, we will present a UV completion for the
H'H ZL,,Z’ # operator. As mentioned earlier, in the presence
of this operator, the leading contribution to the electron
EDM has to occur at the two-loop level. In practice, all the
fields in the hZI’,,,Z/’”’ operator must attach to the electron
line, with the external photon radiated from one of the
electron propagators.” The Feynman diagrams that con-
tribute to the electron EDM are depicted in Fig. 1.

The full determination of these diagrams is rather
complicated. Instead, we focus on the leading contributions

5Diagrams with the external photon radiated from the external
electron leg contribute only to charge renormalization.

which feature a double-logarithmic factor corresponding to
logarithmic divergences from each loop in the effective
picture. A useful observation by examining each diagram
in Fig. 1 shows that the loop involving the external photon
leg is finite, whereas the other one is logarithmically
divergent. This suggests performing the divergent loop
integral (with a cutoff scale A) and retain only the short-
distance contribution which corresponds to the logarithmic
factor. After shrinking the nonphoton loop to an effective
vertex, we obtain a list of one-loop diagrams as shown in
Fig. 2. There are two intermediate effective operators
generated at this level, 0., = ec,,iyseZ™ and 0. =
ey'ysed, h. They correspond to Figs. 2(a) and 2(b), and 2(c)
and 2(d), respectively. As the next step, we calculate the
remaining loop containing the external photon leg. In the
effective theory with Oz/e, O}, operators, this loop becomes
divergent and contributes another logarithmic factor to the
final result.

The most elegant way to derive the double-log contri-
bution to the EDM from the above diagrams is to use the
effective operator language and derive their mixing via
the renormalization group. There are four dimension-five
operators relevant for this calculation defined after electro-
weak symmetry breaking,

Oy = hZ, 2",

0., = e, iyseZ"
Oye = eo,,lyseF* (2.2)

We calculate the one-loop anomalous dimensions
responsible for their mixing,
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FIG. 2. Diagrams contributing to the electron electric dipole
moment after evaluating the short-distance contribution from
the log-divergent loop in each Feynman diagram in Fig. 1. This
generates new effective operators as discussed in the text.

The diagrams labeled by (a),(c), (b),(d), (e), and (f) in Fig. 1
correspond to those labeled by (a), (b), (c), and (d), respectively.

Chy Chz
d Che Che
dlogu | C., | 42" | ., |7
Cye Cye
— 0 0 0
- —%/9’2 — =gy —ey, ’ (23)
-gye 0 —  2ed
0 0 2eg —

where C; is the Wilson coefficient of the effective operator
0,, and y, = v2m,/v, with v ~ 246 GeV being the SM
Higgs vacuum expectation value. We ignore the diagonal
elements of the anomalous dimension matrix (denoted by
“—") because they are irrelevant for the electron EDM
calculation at leading order. The boundary conditions at the
cutoff scale A consistent with Eq. (1.5) are

Chz’ (A>

Che (A) =Cy. (A) = Cye (A) =0.

v
= F R
(2.4)

There are some interesting features regarding the zeros in
the anomalous dimension matrix in Eq. (2.3). The (1-4) and
(4-1) elements vanish simply because the field content of
the th/ and Oye is too distinctive for them to renormalize

each other at one-loop level. All elements in the second
column of the matrix also vanish (except for the diagonal

one) because the 0, operator is special. By the equation of
motion, it is equivalent to
0, = 2m,eiyseh, (2.5)
which is a dimension-four operator. Because of its lower
dimension, the radiative correction of this operator can only
contribute to the finite part of the Wilson coefficient of the
other dimension-five operators in Eq. (2.2). Because we are
only interested in the double-log terms in the final electron
EDM here, the @he operator will not contribute.
The electron EDM operator defined in Eq. (1.1) is
directly related to the Wilson coefficient C,, at low energy
scale, d, = —2C,,. It can be derived by iterating the

solution of Eq. (2.3) twice along with the initial condition
Eq. (2.4),

743 A 731 A
d=-2x (18 B3l 1og ) G (A
) <47z2 o8 MZ/> (4;;2 o8 MZ/> i (M)

eqd’m, < A )2
=———|log .
427 N2 Mz
In the Appendix, we perform a direct computation of the
double-log piece from the two-loop diagrams in Fig. 1 and
find the same result as Eq. (2.6).
As an order of magnitude estimate, taking the logarith-

mic factors to be order one, this contribution to the electron
EDM satisfies the current limit if

(2.6)

A

= 2100 TeV. (2.7)
g

As will be discussed in the next section, collider searches
for a leptophilic Z’ already set an upper bound ¢ < 1072 for
a wide range of the Z’ mass, which in turn implies that A is
allowed to be near the electroweak scale.

III. INTERPLAY BETWEEN EDM
AND COLLIDER PROBES

The calculation in the previous section shows that the
CP-violating operator generated from the dark sector can
only contribute to the electron EDM if the Z' boson has a
coupling to the electron. As a result, the final EDM is
proportional to the square of the new gauge coupling
constant ¢’ and inversely proportional to the square of the
cutoff scale of the effective operator A. In this section, we
explore two classes of collider searches for this setup which
are highly complementary to the EDM measurement. One
is the direct search for a leptophilic Z’ boson at eTe™
colliders, which serves as a probe of ¢ independent of A.
The other is the search for Higgs boson exotic decays
into Z' bosons at the LHC, which could occur via the
higher-dimensional operator and serves as a probe of A
independent of ¢
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Comparison of the direct EDM measurement and indirect collider probes of dark sector CP violation in the context of the

effective theory described by the Lagrangian in Eq. (2.1). The left (right) plot corresponds to a cutoff scale A = 2(10) TeV. The current
electron EDM limit [4] is shown by the horizontal black line. The BABAR and LEP-II exclusions are shown by the shaded blue and
magenta regions, respectively. The future reach by the prospective FCC-ee and CEPC colliders is shown by the dashed and dotted
curves, respectively. For the case A = 2 TeV, constraints from Higgs boson exotic decay h — Z'Z" — 4u or 2u27 exclude the regions
covered by the green bands, and the present constraint on the Higgs signal strength already excludes the orange shaded region. The
collider searches constrain the coupling ¢ as a function of M . For comparison with EDM probes, we translate these constraints into the
d, versus M, parameter space using Eq. (2.6), assuming the cutoff scale A specified in each plot.

Our main result is shown in Fig. 3, where we reinterpret
all the current and potential collider constraints as indirect
probes of the electron EDM, in the context of the effective
theory Eq. (2.1). In the following, we explain in detail how
each constraint is derived.

A. Z' search at electron-positron colliders

With a direct coupling to the electron, the Z' boson
can be produced at eTe~ colliders, including BABAR,
Belle(-II), LEP-II, and the future FCC-ee and CEPC
experiments. The BABAR constraint can be reinterpreted
from a dark photon search [51] with a rescaling ¢ = ex for
the production rate, where « is the kinetic mixing parameter
for the dark photon, and a rescaling of the branching ratio
into e*e™ or utu~. This sets the strongest bound on ¢ for
M7 < 10 GeV. The invisibly decaying dark photon search
[52] can also be applied to our Z’, but the corresponding
bound is weaker than that from visible decay.

For heavier Z', the LEP-II experimental results can set
the most useful limit on ¢'. For M, < 206 GeV, the upper
bound on ¢ is derived from charged-lepton-pair resonance
searches. It is worth pointing out that the branching ratio
for a gauged lepton number Z’ considered here into e* or
u* is 4/9, for M', > 2m,, which is higher than that for a
sequential Z’' boson (6.8%). For the latter, the upper limit
on ¢ set by LEP-II is around 0.01, independent of Z’
mass [53]. We obtain the corresponding limit for our Z',
g < 0.004, by applying the rescaling of the above branch-
ing ratios. For M, > 206 GeV, ¢ can be constrained by
the contact interaction search where Z' is exchanged
virtually. Focusing on the eTe™ — eTe™ process via an
effective operator with the VV structure in Table 3.13

of [54], the corresponding cutoff scale Ayy is constrained
and related to parameters in the model we consider as

ZﬂMZ/
g

AVV - > 180 TeV, (31)

which can be translated into an upper bound on ¢ as a
function of Z' mass.

We also explore the sensitivity of using the prospective
FCC-ee and CEPC colliders to search for the on-shell
and virtual effects of Z’, similar to LEP-II. To derive the
corresponding limits, we simply rescale the LEP-II result
according to the proposed luminosity £ of these colliders
[55,56] as given in Table I. For on-shell Z' searches,
the reach in ¢ scales as £~/ whereas for off-shell Z’
exchange, the reach in ¢ scales as £~'/8. The integrated
luminosity of LEP-II is 2.78 fb~! [54].

All the above collider constraints and future probes of ¢
as a function of M are translated into the electron EDM d’,
versus M, parameter space using Eq. (2.6) and shown in
Fig. 3, assuming a cutoff scale A of 2 or 10 TeV for the
CP-violating operator. This way, one can make a direct

TABLEI. Center-of-mass energy and the integrated luminosity
goals of FCC-ee (left) and CEPC (right) experiments.

c.m. energy 912 GeV 160 GeV 240 GeV ~ 365 GeV
Luminosity 150 ab™! 10 ab™! 5 ab~! 1.5 ab™!
c.m. energy 91.2 GeV 240 GeV
Luminosity 2.5 ab~! 5 ab~!
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comparison with the EDM probe. The collider constraints
on EDM are indirect. In the absence of dark sector CP
violation (A — o), such a collider-EDM connection will
not apply. In the same plot, we also show the present
constraint [4] on the electron EDM from the ACME
Collaboration, Eq. (1.2). This allows for a more straight-
forward comparison between the EDM measurement
and the indirect searches with colliders. We find that the
EDM is most powerful in probing dark sector CP violation
for M, Z 100 GeV. For a relatively low cutoff scale A
close to TeV scale, the present EDM limit is comparable to
the LEP-II indirect constraint for M, between 10 and
100 GeV. For My < 10 GeV, BABAR sets by far the
strongest indirect constraint on the EDM, more than
3 orders of magnitude below the current ACME limit.
The Z' searches at future eTe™ colliders (FCC-ee and
CEPC) could set limits in the high Z' mass region that are
stronger than the current EDM limit. We do not show
the further constraints from flavor-changing B decays into
an anomalously coupled Z’ boson which is relevant for
Mz <5 GeV [57,58].

B. Higgs boson exotic decays

For light enough Z’, the H'H Z;WZ”“’ operator can lead to
nonstandard Higgs decay into exotic final states. We find
the most useful constraints are derived for M, < m;, /2. In
this case, the Higgs boson to two Z’'-boson decay rate is

3 AM2 N 32
M (1— Z). (3.2)

I'h—277)=
( ) 427G A

After the h — Z'Z’ decay, the Z' bosons can further
decay into SM charged lepton pairs. The final states of
such cascade decays are the same as those from Higgs
bosons decaying into light intermediate axionlike particles.
The latter has been searched for by the CMS Collabora-
tion [59-61]. We reinterpret the result as constraints on
h — Z'Z" decay. The most useful final states are 4u and
2u27, which set limits on the cutoff parameter A in the mass
windows M, < 3.2 GeV and 20 GeV <M, < m,/2,
respectively. The corresponding exclusions are shown by
green shaded regions in Fig. 4.

For M, > m,,/2, the Higgs exotic decays could proceed
via off-shell Z’' boson(s), and the rates are proportional to
additional powers of ¢. In this case, we find only very weak
constraints on A.

In Fig. 3, we reinterpret Higgs exotic decay measure-
ments as constraints in the d% versus M, parameter space.
If the cutoff scale A is chosen to be low enough (see the
left panel where A = 2 TeV), the corresponding Z' mass
windows (the vertical green bands) are excluded regardless
of the value of ¢'.

As a lepton number gauge boson, the Z’ can also decay
into neutrinos, contributing to the invisible Higgs decay
width. This can potentially be used for closing the mass gap

10*
5x103

[ h-4u

[(h-27)<0.32MeV | hsou07

% I'(h»Z'Z')<0.46MeV
)
< 108

500

200

05 1 2 5 10 20 50 100

Mz (GeV)

FIG. 4. Constraints on the cutoff scale A of the H THZ;“,Z’/‘”
operator introduced in Eq. (2.1) from Higgs boson exotic decays
(green regions are excluded) and Higgs global signal strength
(blue region is excluded). The blue curve corresponds to the
HL-LHC reach. See main text for details.

3.2 GeV < My < 20 GeV where the above exotic decay
limits do not apply. However, we find that the invisible
decay constraint is slightly weaker than the global signal
strength measurement of the Higgs boson decay, to be
discussed below. One could also interpret the result of the
inclusive dimuon resonance search at LHCb [62] as a
constraint on the Higgs boson to Z’ decay in this model,
which potentially constrains the intermediate-mass region
in Fig. 4. However, we obtain a lower bound on A less than
1 TeV, which is also weaker than that from the Higgs signal
strength.

C. Higgs global signal strength

In addition to the direct search for new Higgs decay
channels, the presence of the 4 — Z'Z’ — anything decays
have an impact on the signal strength of Higgs bosons
decaying directly into SM particles, leading to an indirect
constraint. In the model we consider, the global signal
strength of Higgs decay channels is related to the h — Z'Z’
decay rate as

rsM
TOMIT(h > 27

p (3.3)

which always lies between 0 and 1 in our model. The Higgs
couplings to SM particles are unchanged in the model we
consider, '™ = 4.1 MeV. The present LHC limit [63] and
the future High-Luminosity LHC (HL LHC) reach [64] in
the global signal strength are summarized in Table II. To set
a 95% confidence level (C.L.) limit on I'(h —» Z'Z'), we
take a Bayesian approach and integrate the experimental
probability distribution (which we approximate as
Gaussian) for the global signal strength u between 0 and
1 only, setting the upper limit on I'(h — Z'Z’) (or equiv-
alently, the lower limit on ) so that 95% of the
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TABLE II. Current LHC constraint and future HL. LHC reach
on the Higgs global signal strength measurement, and the
corresponding upper bounds on the 4 — Z'Z’ partial decay width
in the model we consider.

Global signal strength T'(h — Z'Z’) .. at 95% C.L.
Current L1175 [63] 0.46 MeV
HL LHC ~ 1.0070037 [64] 0.32 MeV

experimental probability density that is accessible within
the model is captured by the limit.

These can be used to set the most useful limits in
the mass window 3.2 GeV < M, < 20 GeV, as shown
in Fig. 4. We find that this constraint is important
if A <2 TeV.

IV. AN EXPLICIT UV COMPLETION

In this section, we explore a concrete UV completion for
the effective Lagrangian in Eq. (2.1), which corresponds to
the model that accommodates the novel electroweak baryo-
genesis mechanism presented in Refs. [33,34]. Relevant for
the EDM calculation, the dark sector contains a Dirac
fermion y and a real scalar S, which are both SM gauge
singlets. The interactions of dark sector fields among
themselves and with the Higgs boson and Z’ portal fields
relevant for our analysis are

LD [7L(AS+ M)y +He] +pyusH HS

+ JZ[Er"C + Dey've + axrr* xr + (@ + 3)xur'xL).

(4.1)

Here, the Z’ boson is assumed to be massive, and we treat
its mass M, as an input parameter. In the explicit model
constructed in [33,34], Z' is the gauge boson of the U(1)
lepton number symmetry. An additional complex scalar ®
charged under this U(1) is introduced, picks up an expect-
ation value at TeV scale, and generates a mass for the Z’
boson. The uyysH'HS term is responsible for the mixing
between the Higgs boson and the dark scalar S after
electroweak symmetry breaking. The phase factors of
the dark Yukawa coupling 4 and mass parameter M,
cannot be simultaneously set to zero by field redefinitions.
Their mismatch serves as the source of CP violation.
Hereafter, we choose a basis where M, is real, and define

A = |A|efferv, (4.2)
As discussed in [34], during the electroweak phase tran-
sition which involves both the Higgs boson and S fields,
their spacetime dependence creates a spacetime depend-
ence in the phase of the y mass, providing the necessary
source of CP violation for electroweak baryogenesis. At
zero temperature, a nonzero Ocpy will contribute to the
electron EDM.

After electroweak symmetry breaking, the second term
of Eq. (4.1) generates a mixing between the Higgs boson
and S; i.e., the 125 GeV Higgs boson is a linear combi-
nation h = cosf,,H +sinf,;,S, where H is from the
SU(2), Higgs doublet and S is a SM gauge singlet.
The S — H mixing angle is proportional to pyyg and the
electroweak vacuum expectation value. In the absence of
Higgs decays to new particles, this mixing modifies the
global Higgs signal strength according to y = cos? 6. In
the last term of Eq. (4.1), Z' is the gauge boson of U(1)
lepton number, under which the charges carried by yg, ¥1
are g, g+ 3, respectively. The charge assignment is
determined by gauge anomaly cancellation, and g is a
free parameter.

Following the theme of discussion in the previous
sections, we consider the limit of heavy y and S and
integrate them out. This leads to the following CP-violating
dimension-six operator

chZl, 7, (4.3)

where

J*(a® + 3q + 9/2)Asin O, sin Ocpy
487°M, ‘

(4.4)

E‘:

Matching to the CP-violating operator in Eq. (2.1) leads to

1

= (4.5)

ISHI Y

where v = 246 GeV. After the hZ,, Z'* operator is gen-
erated, it contributes to the electron EDM at another two
loops, as discussed in Sec. II.

We apply the experimental constraints from EDM and
colliders discussed earlier to this model. Here, we hold the
dark sector parameters M, =1 TeV, =1, and g=1
fixed,” and choose the largest value of Higgs-singlet mixing
angle sinfy, = 0.32 currently allowed at 95% C.L. by
Higgs signal strengths [63]. Additional constraints on this
mixing parameter arises from a second Higgs-like scalar
search, as well as the fit to electroweak oblique parameters.
See Ref. [65] for a careful analysis of these constraints. We
find that after taking into account a more recent heavy
Higgs search limit [66], the value sinf,;, = 0.32 is still
marginally allowed. Moreover, we emphasize the contri-
bution to electron EDM in this model is simply propor-
tional to sin f,. This relation allows one to properly rescale
the results presented in Fig. 5 had other sin 6, values been
used. We also choose the maximal CP-violating angle

®The contribution to the electron EDM is linear in A via
Eq. (4.4). The benchmark value of 4 we use here is of a similar
size to the top quark Yukawa coupling and still within the
perturbative range.
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M,=1TeV, A=1.0, sinBs,=0.32, sinBcpy=1, q=1

108

Mz (GGV)

FIG. 5. Comparison of the direct EDM measurement and
indirect collider probes of dark sector CP violation, in the
context of the UV completion described by the Lagrangian in
Eq. (4.1). The green points show the viable model parameter
space for the successful baryogenesis mechanism discussed in
[34]. The horizontal gray dot-dashed line indicates the effective
SM contribution to the electron EDM measurement from CP
violation in the quark sector (see [67] and references therein).
Similar to Fig. 3, the collider constraints on EDM are indirect and
are obtained by applying the constraint on ¢ to Eq. (4.4).

Ocpy = /2. With the M, value chosen to be 1 TeV, the
cutoff scale for the CPV operator can be computed using
Eq. (4.5), A~6.5TeV/(.

Our results are summarized in Fig. 5, where the BABAR
and LEP-II Z’ search limits are again translated as indirect
constraints in the d’ versus M, parameter space, similar to
Fig. 3. Because of the loop generation of the hZI’wZ””’
operator, for M, = 1 TeV, the effective cutoff scale A is
sufficiently high; thus, the Higgs exotic decay and global
signal strength constraints are automatically satisfied. The
existing e"e~ collider constraints are already stronger than
the present electron EDM limit throughout the Z' mass
range, unless the U(1) charge g is much larger than order
one, making the dark sector fermion y strongly coupled to
the Z’ boson. Collider limits in the presence of different UV
parameters can be rescaled using Eq. (4.4).

To make a direct connection to electroweak baryo-
genesis, we perform a scan over the model parameter
space following the prescription in Ref. [34], with the M,
A, g and Ocpy parameters held fixed at the above values.

The green points in Fig. 5 are viable for generating the
observed baryon asymmetry of the Universe. Almost all of
these points lie below the present electron EDM constraint,
fulfilling the original motivation of the dark sector model
building. Viable electroweak baryogenesis via this frame-
work is essentially entirely ruled out by BABAR for Z'
masses below 10 GeV. A large fraction of these points can
also be covered by Z’ searches at the prospective FCC-ee
and CEPC experiments assuming they deliver their antici-
pated luminosity goals; these experiments will probe the

entire viable electroweak baryogenesis parameter space up
to the maximum FCC-ee e e~ center-of-mass energy given
the set of benchmark parameters considered above. Future
improvement of the electron EDM measurement will first
probe the currently viable points with Z' mass above
several hundred GeV. To probe the entire parameter space
for viable electroweak baryogenesis in this model with Z’
mass above a few hundred GeV would require an improve-
ment of the electron EDM measurement by about 6 orders
of magnitude.

Finally, we note that in the absence of a deviation from
the SM, the FCC-ee and CEPC experiments will also
constrain sinf;, to below the 0.01 level. Neither the
baryogenesis mechanism nor the collider constraints on
the Z’' mass and coupling depend directly on this mixing;
however, the calculation of the electron EDM in terms of
the underlying parameters is proportional to siné,,
which implies that the green points and the collider limits
in Fig. 5 will all shift downward together by a factor of 32.
This would make constraining the UV completion using
a direct measurement of the electron EDM even more
challenging.

V. CONCLUSION

We study the phenomenology of new sources of CP
violation from a dark sector motivated by electroweak
baryogenesis and the strong experimental constraints on
EDMs. In the models, we consider, CP invariance is first
broken within a dark sector made of SM gauge singlet
fields and is transferred to the visible sector via vector and
Higgs portal interactions. The presence of these portals
provides the necessary conditions for baryogenesis in the
early Universe. They also transfer the CP violation through
loop effects and make new contributions to the EDM of
particles in the visible sector.

In this work, we explore the electron EDM, which
arises at two loops in the presence of the effective operator
HTHZ,’WZ””’ after integrating out the heavy dark sector
particles. By calculating the mixing of effective operators
via renormalization, we extract the leading contribution to
the electron EDM which features a double-logarithmic
factor. Based on this result, we derive the constraint from
the latest electron EDM measurement on the key param-
eters in the effective description, i.e., the cutoff scale A of
the above operator and the Z’-electron gauge coupling ¢'.
We investigate the interplay of this result with other
indirect probes including the search for Z' at existing
and proposed e*e” colliders and the search for Higgs
boson exotic decays at the LHC and HL-LHC, which can
set individual constraints on the ¢ and A parameters,
respectively. The results of this comparison are summa-
rized in Fig. 3. We find that the collider constraints are
typically stronger at Z' masses below the weak scale,
whereas the EDM measurement dominates for heavier Z'.
For a relatively low cutoff (dark sector mass) scale A close
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to a TeV, the LEP-II and the present electron EDM
constraints are comparable with each other for
10 GeV < M, < 100 GeV. Future eTe™  colliders
(FCC-ee and CEPC) could set an indirect constraint
stronger than the current EDM limit.

We also explore an explicit UV completion of the
HTHZ//”Z’”’“ operator inspired by the novel baryogenesis
mechanism proposed in Refs. [33,34]. In this case,
the contribution to electron EDM occurs at three loops
and is proportional to the fourth power of ¢. For a
reasonable choice of dark sector spectrum and couplings,
we find that most of the parameter space in which
baryogenesis is viable lies below the present electron
EDM constraint, as shown in Fig. 5. Existing constraints
from electron-positron collider searches for the Z' are
stronger than those from the electron EDM. The viable
baryogenesis region is already excluded by BABAR for
M, below 10 GeV, and much of the remaining parameter
space can be efficiently covered if the proposed FCC-ee
and CEPC future colliders are built. Correspondingly,
future improvements in the electron EDM measurement
will probe the high Z' mass frontier (M, ~ TeV) that is
currently allowed by collider constraints.
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FIG. 6. The same two-loop diagram as Fig. 1(a) with momen-
tum assignments labeled.

APPENDIX: DOUBLE-LOG CONTRIBUTION
TO EDM FROM EXPLICIT
TWO-LOOP CALCULATIONS

We presented in Sec. II how to obtain the leading
contribution to the two-loop amplitude using the anoma-
lous dimension. Now, let us show that this result is
consistent with the direct computation of the two-loop
integral. Because the calculation is similar for the different
diagrams, we show only one of the contributions. Since we
keep only the most divergent part of each diagram,
effectively we are performing a series of one-loop integrals.
This means that we can use one-loop calculation tools to
perform this two-loop calculation. We compute the inte-
grals by hand and also using the PACKAGE X [68], retaining
the most divergent contribution at each step.

Let us focus on Fig. 1(a). The amplitude for this process

after removing the multiplicative factor of (4ig”e ‘/_/2\—'2”) is

. dk &,
ALY = / — _NYD(k,Mp)D(k — 1, Mp)D(I.m;)D(p, — k., m,)

(2n)* (2m)* "
X D(py — k,m,)D(p,

Nl(ta) = €,00k IU(p2) (P2 — 1 + m )y (po — K+ m, )y, (1 — K+ m,)y“u(p)).

—1,m,),

(A1)

(A2)

where &, is the totally antisymmetric tensor, we defined the Feynman propagator D(p, m) as

D(p,m) =

—m?+ie’

: (A3)

and momenta are assigned as in Fig. 6. We can choose to perform the k or / integral first. To make direct connection with the
effective operator discussion in the main text, let us choose to integrate the loop that does not have the attached photon line,
in this case, the [ integral. The integration can be done, and we keep only the leading divergence:

log <A?—2> dk .
A(“) ~— z' /
’ (

647> 27)*

A7)

N D(k, My )D(py — k. m,)D(ps — k. m,),

woo= ig(MngKﬁ(pz)yiye(pl - k + me)yu(pZ - k + me)ywu(pl)'
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Now we can start to connect to the effective vertex approach presented in the paper. After performing the / integral, we
can reorganize the remaining integral in terms of the effective vertex of Fig. 2(a). If we use the relation

A0
Epixd? V" = _20-(1)1(7/57

it is possible to rewrite Eq. (A4) as

[log (ﬁ_) / dk

(@
A~
CEITTRe | )t

X D<k’ MZ’)D<p1 - kv mE)D<p2 - k? me)'

The spinor structure of the above integrand corres-
ponds to the intermediate effective operator O, intro-
duced in Eq. (2.2). The remaining step is to perform
the k integral, again keeping only the most divergent
contribution,

A2\ @ v
A/(ta) ~ _10g2< ) u(pZ)O-MDYSq u(pl) (A8)

M2, 512x*

Such a simple result is made possible because we
are keeping only the short-distance contributions when
performing each loop integral, leading to the double-
logarithmic factor. As a result, the two integrals decouple
completely from each other. The calculation of subleading
contributions is complicated by the form factor from the
first loop integral which we do not pursue here. However,
our results keeping the logarithmic terms capture the
leading contribution to EDM.

(A6)

[ljl(pz)ﬁkakj/s (’p/I - k + me)yﬂ(’p/Z - k + me)y{“u(pl)]

(A7)

Computing Figs. 1(b)-1(d) yields for each a result
identical to that of Fig. 1(a). The contributions from
Figs. 1(e) and 1(f) are more suppressed: As discussed in
Sec. II, they require additional insertions of the Higgs
vacuum expectation value and the corresponding electron
Yukawa coupling, with the result that the loop integral is
less divergent, leading to only a single log divergence.
These diagrams thus do not contribute to our calculation of
the leading double logarithm.

The total double-log contribution to the electron EDM
using the above approach is

eg?m, ( A )2
C,=—"F——=|log—| . A9
7 8\/§ﬂ4A2 g MZ’ ( )

Using the relationship d = —2C,,, this leads to the same

double-logarithmic contribution to the electron EDM as
in Eq. (2.6).
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