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CP-violating dark photon Kinetic mixing and type-III seesaw model
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The hypothetical dark photon portal connecting the visible and dark sectors of the Universe has received
considerable attention in recent years, with a focus on CP-conserving kinetic mixing between the Standard
Model hypercharge gauge boson and a new U(1), gauge boson. In the effective field theory context, one
may write nonrenormalizable CP-violating kinetic mixing interactions involving the X and SU(2), gauge
bosons. We construct for the first time a renormalizable model for CP-violating kinetic mixing that induces
CP-violating non-Abelian kinetic mixing at mass dimension 5. The model grows out of the type-III seesaw
model, with the lepton triplets containing right-handed neutrinos playing a crucial role in making the model
renormalizable and providing a bridge to the origin of the neutrino mass. This scenario also accommodates
electron electric dipole moments (EDM) as large as the current experimental bound, making future EDM

searches an important probe of this scenario.
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The dark sector in our Universe, for which dark matter
and dark energy provide the primary evidence, remains
largely unexplained. The dark sector may be well described
by simple field content with primarily gravitational inter-
actions. However, there are a plethora of theoretical
proposals for a richer dark sector containing multiple
particles and new interactions. These possibilities include
interactions between the dark sector and the Standard
Model (SM) of particle physics, referred to as portals.
The most widely considered include the Higgs, axion,
neutrino, and dark photon portals, each of which implies
distinctive phenomenological consequences. Here we focus
on the novel possibility of CP-violating (CPV) dark photon
portal interactions.

To date, most portal studies—dark photon or otherwise
—have focused on CP-conserving interactions. While of
interest in their own right, new CPYV interactions beyond
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those of the SM are also needed to explain the cosmic
matter-antimatter asymmetry. In the case of the dark photon
portal, it is straightforward to construct a CP-conserving
portal. Indeed, it has long been realized that a dark photon
gauge field X, associated with a beyond SM U(1)y gauge
group can mix with the U(1), gauge field B in the SM
gauge group SU(3). x SU(2), x U(1), through a renor-
malizable kinetic mixing term [1-3]: X, B*’. One may
write a CPV X,,B* term. Here X, = 0,X, — 0,X, and

X = ﬂm/,yX“/’ /2. However, this interaction has no physi-
cal effect at the perturbative level, because it can be written
as a total derivative proportional to 9, (e"**’X,0,Bg).

In extended models, a dark photon may also mix
kinetically with the SM non-Abelian SU(2), gauge bosons
[4-8]. In this context, it was recently shown that CPV
kinetic mixing between a dark photon and SM gauge
particles can arise [8]. If one includes a zero hypercharge
SU(2), Higgs triplet, one may construct a (nonrenorma-
lizable) dimension 5 operator containing such a term.
Several interesting phenomenological consequences fol-
low, notably a new CPV source for electric dipole moments
(EDMs) of SM fermions, and possible collider signature in
jet angular distributions.

However, a renormalizable model realization of this
possibility has thus far been lacking. The presence of a
nonrenormalizable interaction implies the existence of new
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particles and interactions whose detailed nature is not
evident from the structure of the low-energy effective
operator alone. For example, existence of the well-known
dimension 5 neutrino Majorana mass operator would imply
nonconservation of the total lepton number at the classical
level without revealing its fundamental origin. The con-
struction and phenomenology of models (e.g., the seesaw
mechanism) generating this interaction have attracted
intensive theoretical interest over the years. In a similar
spirit, we construct here for the first time a renormalizable
model with CPYV kinetic mixing between a dark photon and
SU(2); gauge bosons and analyze the implications for
future EDM searches. We also give general considerations
for building such a model which may be realized in other
constructions.

Two key minimal ingredients are needed for this pur-
pose: (i) The first is the SU(2), Higgs triplet [8]
X?:(1,3)(0,0), where the brackets denote the transforma-
tion properties under SU(3).x SU(2), and U(1), x
U(1)y gauge symmetries, respectively. The neutral com-
ponent X° obtains a nonzero vacuum expectation value
(VEV) (£°) = vy." 2 is needed so that the SU(2), index
“a” of the gauge triplet field W¢ can be contracted to form a
gauge group singlet dimension 5 operator

e"‘ﬂ"”XaﬁWﬁUZ“, (1)

which is nonrenormalizable. (ii) The second ingredient is
an introduction of new fields f that, when integrated out,
yield the interaction in Eq. (1). f transforms as (1,7)(0, x;)
and cannot be an SU(2), singlet n = 1 in order to mix W
and X. The source of CPV depends on how X interacts with
f. A priori, the fields may be fermions or scalars.’
However, f cannot be a scalar since the tensor e*#* cannot
arise from tree-level scalar exchanges built from renorma-
lizable interactions or from scalar loops. It can, however,
arise from loops containing a chiral fermion f with y5 and a
CPYV interaction appearing in the f X couplings (see below
for further discussion). Since f is a chiral fermion, one
needs to pay attention to make sure the model is gauge
anomaly free. The minimal SU(2), representation would
be n = 2. Stringent limits from fractionally charged particle
searches [9] imply that the components of f must have
integer charges. To have integer electric charges for the
components in f, the hypercharge for f must be a half
integer. In this case, the exchange of f in the loop will
generate not only X — W but also ¥ — X and Y — W kinetic
mixing terms. The simplest choice is actually n = 3 with

lBy replacing X¢ with a composite triplet, such as Hz%H from
the Higgs doublet H [6], a dimension 6 kinetic mixing operator
can also be generated.

One may also want to consider a vector boson running in the
loop. Since we are working with renormalizable theory, a vector
particle—if not a gauge particle—may complicate the model
building. We will not venture into this possibility.

zero hypercharge. The components in f have zero or +1
electric charge. Taking the triplet to be right-handed,
f = fr, makes it possible to facilitate the type-III seesaw
model [10] for neutrino mass generation by identifying the
neutral component in fp as the heavy right-handed
neutrino.

If one makes the theory supersymmetric, the lightest
supersymmetric particle of the model may also provide a
dark matter candidate. Here we will concentrate on the
nonsupersymmetric model for purposes of simplicity and
illustration. Other choices for the mediator particle content
(satisfying the aforementioned criteria) may have distinc-
tive phenomenological consequences and connections to
other open problems in particle physics and cosmology. We
will later see that our triplet mediator model will produce a
fermion electric dipole moment as a unique signature for
CPV Kkinetic mixing.

We will assign one of the f’s, denoted f, to transform
as (1,3)(0,x;). Since f; is a chiral field, one must include
more than one such multiplet with different x; charges in
order to ensure anomaly cancellation. To this end, we
introduce a second fg, f>:(1,3)(0, —xf), whose contribu-
tion to the anomaly will cancel that from f;. If future
experiments indicate nonzero masses for all three light
neutrinos (one massless neutrino is consistent with the
present neutrino oscillation data), inclusion of a third fp
would be necessary: f3:(1,3)(0,0), which does not gen-
erate a gauge anomaly. f3 is inessential for our purposes.
The component in f can be written as

ilaail f% \/if;
fR—Efffk—E(\/sz_e 0 ) (2)

and f = fR(f] = (fr)°. /1 = (fR)°. fL = (f)°)-
After integrating out the f fields, the required dimension
5 operator is given by

Ly= _(/;)X/A)Tr(WyuZ)Xﬂy' (3)

Expanding it, we have

Px
ﬁX - _ﬁxﬂv[(sWF;w + CWZ/w)

+ig(Wy W, = WiW;)(vs + 20). (4)

The same loop integral also generates the CP-conserving
counterpart —(fx/A)Tr(W,,X)X*, whose expanded form

is obtained by replacing X* with X** in the above. Here we
have normalized the fields as

1/ W
(

B ﬁw,t> . 1( 30
to2\vawg —we )

vazt
V25" —20> )
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FIG. 1. The one-loop diagrams contributing to kinetic mixing.

where W2 is a linear combination of the photon A, and the
Z field Z, with W9 = sin@yA, + cos Oy Z,.

To make the dark photon mass my nonzero, we introduce
ascalar Sy : (1, 1)(0, =2x;) with a VEV(Sy) = v,/v/2. We
obtain my = x;ggvs. It also contributes to the heavy
neutrino masses.

We now discuss how to generate a nonzero fy. The one-
loop Feynman diagrams are shown in Fig. 1. The coupling
of Z to f is crucial to the model and is given by

ATe(f Y o2 rj) = 1Y pof .2 frje®"". (6)

The appearance of €“¢ requires more than one f. The
couplings between X and f needed in Fig. 1 are given by

Yoo (Fk0)f 2 — (fr1)fro) (0s +Z°). (7)

The other Yukawa coupling terms for the leptons and
quarks responsible for the masses are given by

- ZLYL’FIER - I:LYfL3I:]fR3 —]_”f“folSXle,
—J_CfeszszS;fRz = faimiafra — fo3masfrs.
- 0,Y,HUg — QY ,HDy. (8)

Since f, do not couple to H, the resulting Dirac neutrino
mass matrix term Y, is only of rank 1, which is not
acceptable phenomenologically. This problem can be
solved by introducing additional scalar SU(2), doublets
Hy:(1,2)(=1/2,-x;) and H5:(1,2)(=1/2,x;), whose
VEVs are v)/v/2 and v5/v/2, respectively, so that
—L; Y H fr1 — LY p12Hyfry terms can be added.
The usual electroweak scale constrains Higgs doublet
VEVs since v? 4 /7 + /3 = (246 GeV)?, due to the

bound from the W boson mass. Among the VEVs, from
a naturalness consideration, the VEV providing the top
quark mass should be the largest one; therefore, v} , should
be smaller than v. However, this does not mean that v} ,
need to be very small. They will contribute to neutrino
masses, but the small neutrino masses are not due to the
smallness of v,, because the seesaw mechanism is in
effect in our model. Lepton mass matrices are given by

1 0 MD I/i)
‘Cm:__ 7 1_C
2(DL DR)<MLT) MR><VR

ey W) E)

where m, = Y,v/+/2 is an arbitrary 3 x 3 matrix. M, is a
full 3x3 matrix with the three column elements
YfL,-lv’l/\/Z YfLizv’z/\/i and YfL,-3v/\/§, respectively.
My is a symmetric 3 x 3 matrix with nonzero entries
Ryy=my =Ygy Us/\/i Ryy=my= stzvs/\/z Ry =myy,
and R33 = my3. The structure of M allows one to separate
the seesaw scale represented by ~mys; 1, from the dark
U(1)y breaking scale ~v, so that my can be smaller than
the seesaw scale. Note that all entries in My will break the
lepton number by two units after Sy develops a nonzero
VEV. The largest element in My will set the seesaw scale.

Expanding the kinetic Lagrangian terms for f, X
and Sy, Lx = 2Tr(fr;jiy, D" fr;) +2Tr((D,X)"(D*E))+
(D,Sx)"(D*Sx), we have WY and X couplings with fp
necessary for the remaining vertices in Fig. 1. The
interaction Lagrangian L;, is given by

gxxp[Tr(f 17X, fr1) = Tr(fror" X, f r2)]
+ g[Te(fr17* WS k1) + Te(frar*Wofr2)l. (10)

Evaluating the diagrams in Fig. 1 yields

i
M = 172 99x% rmppY €t P pxaPwp

X (f(ml’mZ’ Pws pX) +f(m27mlva’ pX))’ (11)

where

1 1—x
f(my,my, py. px) _/) dx% dy(l1-x-1y)
x|

D(mb my, Pw, Px)

+ D(my, my, px., pw)], (12)
with D(mlvmb Pw» pX) = (m%/(m% - m%))/(m% _y(m%_
m3) = xpiy = ypx + (xpw = ypx)?)-
Matching Ly in Eq. (4), 2¢" py,pwsew,cx, =
—XmW9, implies
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Bx 1 .
A 2—71_zggXxfIm(m12an-)

x [f(my,my, pw, px) + f(ma, my, pw. px)].  (13)

The phase o of m, Y to 1s the CPV source. fiy /A is obtained
by replacing Im(m,Y% ) in the above with Re(m,Y7,).
The kinetic mixing in Eq. (4) corresponds to py + px =0
and ¢> = (pw + px)* = 0. Note that the presence of the
e in Eqgs. (1) and (3) results from taking the trace of
the fermion loop with a y5 type of coupling for X to f and
the mass mixing term mj,. Loops containing scalars or
vectorlike fermions would not yield this structure.

The CP-conserving kinetic mixing terms cause mixing
of the gauge fields. We have the following relevant
Lagrangian L, terms before writing the gauge fields in
canonical form:

1 1 1 1
— ZFWFW — ZZWZ’“’ — ZXWX”” - EeAXFWX’”“,

1 1 1
— 3 €rxZu X" + 5 m3Z, 7" + 3 mxX, X", (14)
Where €AX = aXYCW +ﬁXSWUE/A and €ZX = _(XXst+

Bxcwvs/A, with ayy defined by a possible U(1), and
U(1)y kinetic mixing term —(1/2)ayyX*'B,, which is
independent of pfy. Here we use the U(l), gauge
field B, = cosOyA, — sinOyZ,.

The mass eigenstates, the photon A™, the Z boson Z",
and the dark photon X", to the leading order in small
mixing parameters e,y and €,y are related to the original
gauge fields A, Z, and X by

A 10 —ey Am
Z == 0 1 —§—€ZX zZm ’ (15)
X 0 ¢ 1 xm

where £ is the angle describing X and Z mass mixing,
&~ —mieyy/(m% —m%). There is an enhancement for &
when my is close to my. The modifications for the
interaction terms J%,A,, J4Z,, and J5X, can be obtained
by replacing the fields according to Eq. (15). Later we will
drop the superscript m on the mass eigenstate gauge fields.

We now discuss some related consequences. Before
doing so, let us estimate how large fy might be from
the data. For simplicity, we consider the nearly degenerate
case my & my & |my| & m > my x. In this limit, we have
Py/ A~ 99xx¢|Y,| sin6/6a%m. The size of Py /A is gov-
erned by the seesaw mass scale represented by elements in
M. The size of vy is also important, as can be seen in
Eq. (4), which is constrained by p = 1.00038 £ 0.00020
from electroweak precision tests [9]. A nonzero vy would
modify p from 1 in SM to 1 + 4v%/v?. Therefore, the data
imply that vy < 3 GeV at the 20 level. Both the ATLAS

and CMS experiments at the LHC have carried searches for
heavy fermions in the type-III seesaw model and found the
mass to be larger than 790 GeV [11] (880 GeV [12]) at
95% C.L. The seesaw scale should be above this limit. For
the purpose of illustration, allowing both gyx, and Y, to
be as large as their perturbative unitarity bound with
approximately /47, we obtain at 95% C.L. an upper
bound 5siné x 10~* for fyvs/A. The bound for fy is
obtained by replacing sin é with cos .

In Ref. [8] two interesting CP-violating effects due to
CP-violating kinetic mixing were identified, the EDMs of
SM fermions and a collider signature in dijet angular
distribution asymmetry. The latter has a large background
and is difficult to observe. We find that the jet analysis is
again difficult to probe in our model, but the effects on
electron EDM can be dramatic and provide a good test for
the model [13-15].

The EDM dp. for a SM fermion F' may be induced by the
three different contributions shown in Fig. 2. The contri-
bution from Fig. 2(a) arises in all model constructions since
it contains the contribution from the dimension 5 operator
[Eq. (1)]. This was studied in Ref. [8]. In the present
context, it is actually a two-loop contribution since Sy is
generated at the one-loop level. Figure 2(b) first generates
an X EDM (by replacing external A with X). As seen from
Eq. (15) there is no mixing for X to have the final mass
eigenstate of the photon A for g> = 0, so no ordinary EDM
for F can be generated. But a weak EDM dJ} for a fermion
through X mixing with Z will be produced. This, however,
provides only a very weak constraint [9]. The third
contribution is the Barr-Zee diagram [16] shown in
Fig. 2(c). In the diagram, the loop with two photons
attached is obtained by replacing X with W° in Fig. 1.
One finds that the contributions from Figs. 1(a) and 1(c) are
canceled by those from Figs. 1(b) and 1(d) due to
antisymmetric 2-f-f coupling in fermion space. This is
a generic property of this type of model for higher
representations which produce a antisymmetric X-f-f
coupling. Had one chosen a different representation such
as n = 2 for f, the contribution from Fig. 2(c) would not
vanish. Its effect would dominate fermion EDM, as shown
in Ref. [16], making the test of the CPV kinetic mixing
signature difficult. This makes our model with f as a triplet
unique from the experimental testing of CP violation in
kinetic mixing.

(a) (b)

FIG. 2. Different contributions to fermion EDMs.

095010-4



CP-VIOLATING DARK PHOTON KINETIC MIXING AND ...

PHYS. REV. D 105, 095010 (2022)

Therefore, the dominant contribution for dy is from
Fig. 2(a). This expression was given in Eq. (11) of
Ref. [8]. Since there are several Higgs doublets H;,
one should replace the mixing sycof(rzpy,.7zn,) and
socof (rxm,» xm,) BY Zicin-1ViVuif (rzm,» rzu,) and
Zinn-1VsiVaif (rxm, xp, ), with N = 5. Here the sum-
mation sums over all mass eigenstates H; where the
original scalar states X° and the neutral real component
h in H are expressed as linear combinations of H;,
¥0 =3, VyH;, and h=>,V,:H; The formula in
Eq. (11) of Ref. [8] assumed that the CPV source comes
from f3, which is proportional to the invariant phase from
m]zY}a. One may also wonder whether CPV exists in the
vertex H; to F, that s, if Vy;V},;, which depends on whether
the CPV phase in the Higgs potential mixes different
neutral components from H;, X, and Sy. We have checked
in detail to see that there is no CPV in the Higgs potential
with the quantum numbers assigned to the Higgs bosons.

The electron EDM d, prediction is constrained directly
from experimental bounds, assuming a ‘“sole source”
analysis of the polar molecule system [15]. For the neutron
EDM, we use d, =-0.233d,+ 0.774d,; + 0.0084,,
which was obtained in Ref. [17]. For illustration, we
assume that the Vy;V,; term dominates the contribution
with some benchmark values for the heavy my, and my =
60 GeV and kinetic mixing parameters. In the model, my,
should be below the largest scale—the seesaw scale—
whose lower limit set by the LHC [11,12] is about 900 GeV.
The 13 TeV LHC also excludes a real triplet lighter than
275 (248) GeV for a range of parameter space [18]. We
therefore take a benchmark range of 300-600 GeV for my, .
The dependence on my is weak except near my. Since my,
is the SM-like Higgs boson, its mass is assumed to be
125 GeV. For the mixing parameters, we consider two cases
to show the details. In case I, the kinetic mixing parameters
are all generated from our loop calculations, that is,
ayy = 0. To maximize the contribution to the EDMs, we
choose sind = cos 6 = 1/ /2. In case II, we choose a large
but allowed ayy to be 1072 and set By/A to the maximal
allowed value.

We show the results in Fig. 3. The splittings between d,
and d,, in cases I and II behave differently because, in case
II, the addition of ayy in f modifies d, and d,, differently.
Note that for both cases I and II, the EDM is larger for a
larger my_ because the first term in f(x,y) defined in
Ref. [8] has an In(mj;_/mj) term increasing with my, .
However, it will not increase indefinitely with My,
because the mixing parameter Vy;V,; will vanish in that
limit. The current neutron EDM does not constrain the
parameters in either case. But with improved sensitivity,
such as that of the nEDM experiment at the Spallation
Neutron Source [19] or the n2EDM experiment at the Paul
Scherrer Institute [20], where a sensitivity of 10728 ecm
can be reached, case II can be tested. The test of case I is

10725

Neutron EDM upper bound
|dn| <1.8 x 10726
10-26| - :
The bands ranging from low to high
correspond to my, from 300 to 600 GeV.

E 10728

; Electron EDM upper boun

= de| <1.1x1072°

S 10-20 |de] —
a

10—30 E

Case I: Bxvs/\=Bxvs/A=5/V2 x 104
axy =0, mx =60 GeV
Case ll: Bxvs/N=5x 1074, Bxvs/A=0

10731

10732F axy = 1072, my =60 GeV
1073 1072 1071 10°
Vs, Vi,
FIG. 3. Ranges for d,, and d, for cases I and II. The 90% C.L.

upper limits for electron and neutron EDMs are from

Refs. [23,24], respectively.

more challenging. But a proposed measurement for proton
EDM d,, using a proton storage ring can reach a sensitivity
of 1072 ecm [21] which can start to put constraints on
case I, whereas for d,, the current limit already excludes a
certain parameter space. Even for a VsV, as small as
1072, case II can reach a current bound. For case I, to reach
a current limit of d,, Vs V1 needs to be close to maximal,
which is unlikely. But proposed new experiments will
further improve the sensitivity to O(107°) e cm [22]. The
model can be very well tested.

As discussed in Ref. [7], collider studies may probe
several other aspects of the model since the new particle
masses are O(TeV). A particularly interesting signature
involves production of one or two triplet scalars, leading
ultimately to a pair of displaced lepton jets in conjunction
with one or more prompt objects. The specific final states
and corresponding branching ratios can provide informa-
tion on fy/A, whereas the EDM is sensitive to fy/A.
Direct production of the f particles, together with a
determination of my (e.g., via measurement of the lepton
jet invariant mass) and the decay length can provide
complementary information. Discovery of these properties,
in combination with a large electron EDM, would
provide strong evidence for the triplet f model. We would
also like to point out that the model’s new CPV phase 9,
together with the extended scalar sector potential that
could accommodate a first order electroweak phase tran-
sition [25-29], may provide the ingredients needed to
generate the cosmic baryon asymmetry via electroweak
baryogenesis. We will investigate these possibilities in
future work.
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