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Dark-sector seeded solution to the strong CP problem

H.B. Camara®,"” F.R. Joaquim®,"" and J. W.F. Valle®**

lDepartamento de Fisica and CFTP, Instituto Superior Técnico, Universidade de Lisboa, Lisboa, Portugal
*AHEP Group, Institut de Fisica Corpuscular—CSIC/Universitat de Valencia,
Parc Cientific de Paterna. C/ Catedrdtico José Beltrdn, 2 E-46980 Paterna (Valencia), Spain

® (Received 13 March 2023; accepted 27 September 2023; published 2 November 2023)

We propose a novel realization of the Nelson-Barr mechanism “seeded” by a dark sector containing
scalars and vectorlike quarks. Charge parity (CP) and a Zg symmetry are spontaneously broken by the
complex vacuum expectation value of a singlet scalar, leaving a residual Z, symmetry that stabilizes dark
matter (DM). A complex Cabibbo-Kobayashi-Maskawa matrix arises via one-loop corrections to the quark
mass matrix mediated by the dark sector. In contrast with other proposals where nonzero contributions to
the strong CP phase arise at the one-loop level, in our case this occurs only at two loops, enhancing
naturalness. Our scenario also provides a viable weakly interacting massive particle scalar DM candidate.
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I. INTRODUCTION

There are three experimental facts which call for new
physics, beyond the Standard Model (SM): the observation
of neutrino oscillations, the existence of some kind of dark
matter (DM), and the matter-antimatter asymmetry of the
Universe. Besides these proofs of its incompleteness, some
unaesthetic aspects of the SM also require a natural
explanation. One of these issues is the well-known strong
charge-parity (CP) problem which can be formulated as a
question: Why does quantum chromodynamics (QCD), the
theory of strong interactions, seem to preserve CP when
one would expect otherwise?

CP violation (CPV) in QCD is encoded in the so-called
strong CP phase @ which induces nonvanishing contribu-
tions to the neutron electric dipole moment (nEDM).
At present, the nEDM is constrained by experiment to
be <3 x 10726 ecm [1,2], implying

6] < 107 (1)

This seems to indicate that QCD does not violate CP at all.
On the other hand, CP is maximally broken in weak
interactions. From this point of view, tiny (or vanishing)
CPV in the strong sector appears unnatural. A popular
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solution to the strong CP problem assumes a global
anomalous Peccei-Quinn (PQ) symmetry which, after spon-
taneous breaking, gives rise to a pseudo-Goldstone boson—
the axion [3-5]. The bottom line of the PQ mechanism is that
axion dynamics leads to a CP-conserving ground state,
setting 6 = 0.

Another way of explaining the smallness of  is by simply
imposing exact CP symmetry at the Lagrangian level,
ensuring a vanishing 6. However, to account for large
CPV effects observed in the quark (weak) sector, CP must
be broken spontaneously in such a way that low-energy CPV
is large. This general setup [6-9] can be implemented in SM
extensions with extra scalars and/or colored particles which
are crucial to break CP and generate a complex Cabibbo-
Kobayashi-Maskawa (CKM) quark mixing matrix. The
drawback of such Nelson-Barr (NB) type models is that,
once CP is broken and the CP phase in the CKM matrix is
large, quantum corrections to § must remain under control.

The simplest way of accounting for spontaneous CP
violation (SCPV) is by adding to the SM fields a complex
scalar singlet o which acquires a vacuum expectation value
(VEV). To transmit CPV to the SM quark sector, one may
introduce a vectorlike quark (VLQ) which couples to ¢ in
some way. Once CP is broken by the ¢ VEV, CPV appears
generating a complex CKM matrix. This is the essence of
the model proposed by Bento, Branco, and Parada (BBP) in
Ref. [10]. We note, however, that such minimal NB
realization produces dangerous contributions to the strong
CP phase already at the one-loop level, thus requiring some
rather strong assumptions to keep 6 under control [Eq. (1)].

Here, we propose a new NB-type scenario, in which the
strong CP phase arises only at two loops, while CPV in the
CKM matrix arises via one-loop corrections mediated by a
dark sector. After SCPV induced by the complex VEV of a
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TABLE 1. Field content and their transformation properties
under the SM gauge and Z symmetries, where o* = ¢/ and
under the remnant Z, after spontaneous Zg breaking.
Fields Ggsm Ze = Z,
Fermions qr 3,2,1/6) ®* - +
Ug (3,1,2/3) @ - +
dp 3,1,-1/3) @ - +
By r (3.1,-1/3) w® = +
Dy 1k (3.1.-1/3) o’ - —
Doy ok (3.1,-1/3) @ = —
Scalars (o} 1,2,1/2) 1 -+
o (1,1,0) w? - +
X (1,1,0) P —
& (1,1,0) o — —

scalar singlet o, the dark particles remain odd under a 2,
symmetry, the lightest of them (a scalar) providing a viable
weakly interacting massive particle (WIMP) DM candidate.
A key feature of our dark-mediated solution to the strong CP
problem is that threshold corrections to 6 arise only at two
loops, alleviating the NB “quality problem.”

II. MODEL AT TREE LEVEL

A crucial ingredient in our construction is SCPV, which
is simply realized by the VEV of a complex scalar singlet o.
This is possible if the scalar potential of the theory includes
phase-sensitive terms as, e.g., 6* and ¢, invariant under a
Zy discrete symmetry if ¢ = o with @ = >V and
k= pN/4 (p € Z). Our minimal choice is N = 8. Thus,
besides gauge invariance under the SM group Ggy =
SU(3), ® SU(2);, ® U(1)y and under CP, our theory also
has a Zg symmetry.

To implement our dark-matter-mediated NB solution to
the strong CP problem, we add three down-type VLQs,
namely, one VLQ B; p and two odd (dark) D;; ;r (i = 1,2).
Besides ¢ and the SM Higgs doublet ®, we also have two
inert complex scalar singlets y and &, which are also dark.
The transformation properties of all fields under Ggy, and
the Zg symmetry are shown in Table I. We denote the SM
left-handed quark doublets and right-handed up and down
quark singlets by g; = (u;d; )" and ug/dy, respectively,
with Yukawa interactions

—Lyu O Y, G ®ug + Y, q,Pdg

where ® = (¢*¢°)" and ® = ir,®*, 7, being the complex
Pauli matrix. Here, Y, 4 (Y, ) are 3 x 3 (1 x 3) matrices,

and, as usual, (¢°) =v/v2=~174 GeV. The Yukawa
couplings involving only new fields read

—Lyu D ¥, B Doy + yeB D&
+ ¥y Dy Bry* + y;D Bpé +He.,  (3)

where y)(('?f are numbers, and bare VLQ mass terms are

—Lopass = mpB B + mp, Dy Dy +He.  (4)

Notice that Egs. (2)—(4) contain all gauge-invariant Yukawa
and mass terms which respect the Zg symmetry. CP
invariance of the Lagrangian implies that all coupling
and mass parameters are real.

The Zg symmetry is broken down to a Z, (see Table I)
by the ¢ VEV (6) = v,¢"/+/2 In the limit of exact Zg
invariance, the only phase-sensitive term in the scalar
potential is A,(6* + ¢**). Minimization leads to ¢ = 7/4 +
kz/2 (k€ Z). Note that this solution does not violate CP,
since a generalized CP transformation can be defined such
that the vacuum remains invariant. Furthermore, sponta-
neous breaking of an exact discrete symmetry could lead to
cosmological domain-wall problems.l We, thus, consider a
scenario in which the Zjg is softly broken by the bilinear
term m2(c* + 6*?), fixing the domain-wall problem. This
leads to a CP-violating phase ¢ that can, in principle, be
arbitrary.

It is straightforward to see that, since there are no
Zg-invariant quark-c couplings, the 4 x4 tree-level
down-quark mass matrix /\/lfl()) in the (dB),  basis is
block-diagonal and real, with the SM quarks decoupled
from the VLQ B. Hence, CPV will not be communicated to
the quark sector and the CKM matrix is real.” Since

6 = argldet(M,)] + arg[det(M,)]. (5)

where M,, = Y, v/2 is the SM up-quark mass matrix, we
obviously have 6 = 0.

III. COMPLEX CKM AT ONE LOOP WITH 6=0

Beyond tree level, the down-quark mass matrix can be
written in the generic form M, = ME,O) + AM, with

M, O AM,; AM
Mﬁj”:( ! ) A/\/ld:< ‘ dB), (6)
0 mpg AMBd AmB

where M; = Y, v/+/2 and my is the bare B mass term; see
Egs. (2) and (4). Higher-order corrections to ME,O) are

"This might not be an issue if our mechanism is embedded in a
more general framework providing a solution to that problem
(see, e.g., [11]).

In contrast, in Ref. [10] the allowed couplings B dgro™
would yield a complex B; dy mass term and a complex tree-level
CKM.
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FIG. 1. “Dark-mediated” diagrams for the dim-5 operators

B dro'™)? leading to AMy, after Z; symmetry breaking.

encoded in AM, and a necessary condition to generate a
complex effective CKM matrix is that at least one of the
correcting terms is complex. The most intuitive way of
investigating how this may happen is to look for higher-
order operators which can generate complex mass terms
after SCPV. Such operators must be gauge and Zg invariant
and contain unmatched powers of o*), given that the o
VEV phase ¢ is the only source of CPV in our framework.
Then one must check at which loop order those operators
arise and compute the corresponding corrections AM .

At dimension five, phase-sensitive operators which
induce corrections to M, are B, dzo'*)?; these specifically
contribute, after SCPV, to AMp,. In contrast, the operators
B BR(®'®) and B, Bg|o|? lead to real Amy. Notice that,
since ¢ does not couple to quarks, we require interactions
with the dark sector to induce those operators at the
quantum level.

The lowest-order phase-sensitive operators induced at
one loop are B;dro'™?, which generate AMp, after
symmetry breaking. The corresponding Feynman diagrams
in the weak basis are shown in Fig. 1. The trilinear and
quartic scalar terms involving ¢ and the dark fields { = y, &
are all Zg symmetric. The contributions in Fig. 1 are
roughly estimated as

1 2
|AM34|~F Aort| c|yg 5Mp, (7)
(
1 M% v2
|AM,| N@Wd)’cm—%m—%mm (8)

for the left and right diagram, respectively. Here, Y, and y,
represent generic Y, and y,. couplings of Eq. (3),
respectively, while /1647: and y; are quartic and trilinear
terms of the scalar potential, respectively. It is clear that
AMp, is complex due to the interference of different terms
which pick up the phases +2¢ from the VEVs of ¢? and
o*2. Similar one-loop diagrams exist for B; Bz(®'®) and
B Bg|o)?; these, however, lead to a real Amy.
The one-loop down-quark mass matrix is then

ME{U = ( Md 0 ), ﬁ’lB = mpg -+ AmB. (9)
AMp,  fig

In the limit M; < 71, the (complex) CKM matrix can be

obtained diagonalizing thht given by
M,AM|, AMz M7
thht - MdMT B};lz B d s (10)
B

with 73 ~ |AMg,|> + m%. Whether CPV is successfully
transmitted to the SM sector depends on the relative size
between AMp,; and 1. In fact, in this case, generating a
viable CKM requires |AMpy,| = 7itg.

Notice that @ = arg[det(M,,)] + arg[det(M,)] =0, since
M, and rig are real, and AM ;5 = 0. This is the key feature
of our dark-seeded NB mechanism, which is in contrast
with the BBP model where corrections to 6 appear already
at the one-loop level. In our case, @ remains zero at this
order of perturbation theory.

IV. CORRECTIONS BEYOND ONE LOOP

At the two-loop level, complex corrections to M, and
mp induce contributions to @ which can be estimated as

2 Vs

Aé‘AMd (16 )2)'<I>o'yd 2 (11)
_ mp Uz
A9|Am3 ~ (16 )zﬂ‘o‘cycyé‘ mg mg ) (12)

where m; is a typical dark scalar mass and yé” are generic

y{g couplings. Here, Ag, is the (®'®)|s|?> quartic scalar

coupling, and 1, stands for generic 4,,|o]*[y[* and
Aoe|o]?|E]* couplings. For typical values for the SM quark
Yukawa couplings y; ~ O(1072), the first correction above
is under control if Ag, < v*>/v2. This is reasonable, as the
physics accounting for the Higgs hierarchy is likely to also
provide a small Ag,. On the other hand, if all mass scales in
Eq. (12) are of the same order, Af),,, < 107! requires
[Aocyeyel < 1076, which can be easily accommodated. In
fact, in our framework, the U(1)-sensitive couplings with
the dark sector can be naturally small in the 't Hooft sense
[12], since the Lagrangian symmetry is enlarged in their
absence. Note that, the above contributions come from
operators g; Pdre™* and B, Bro*)*.

Concerning higher-loop corrections, we have checked
that the contributions to @ arise from three (four) loops via
AM, 4p (mp), which can be estimated as
Ab|am, 1 |AM,|*

2 2\2 ‘o 2 (13)
167 (167%) v

A9|AMdB ~

92 |AMBd|2

Blam, ~ o2

(14)
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where g ~ O(1) is a weak coupling and we have considered
a O(1) coupling for the |o|* term. It is straightforward to
see that |AMpg,| <1073, is required to keep these
corrections under control (as long as Ag, is made small
in a framework where the Higgs mass is stabilized). One
may now ask how natural is it to verify this condition in our
scenario. In the above estimates, AMp, is the one-loop
correction in Eq. (9); see Fig. 1 and Eqgs. (7) and (8). From
those estimates, one sees that, to ensure [AMp,| < 10732,
one roughly needs Y[y, < mg /(mpv,) for A, <1 and
ug ~ me. This condition is attainable for reasonable values
of dark sector couplings and wide mass ranges. In contrast,
models where Mp, is generated at tree level via a
ygo) B dr have been argued to suffer from a quality
problem, requiring a small yz < 1073 [13,14].

Indeed, in the original BBP scenario, AM z and Ampg
receive contributions from dim-5 operators of the type
G D®Bro'™) and B, Bro*)?, respectively. These affect 6 in a
way that A8 < 107'° sets an upper bound on the SCPV
scale v, < 10°-10% GeV, for a cutoff A at the Planck scale
[15,16]. This hierarchy between v, and A is the essence of
the NB quality problem. As recently noted in Ref. [17],
such a low SCPV scale may have a drastic impact in
cosmology. In our case, the lowest dimension operators that
would induce corrections to @ are the dim-6 y g, ®Bro*)?,

for which we estimate
[AMpy|va (V62
~ B E (15)

Taking |[AMp,|/mp Z O(1) to generate a viable complex
CKM matrix and y, ~ O(1) with y, ~ 107 — 1, we get
that Af|y,, < 10710 requires only v, < 10%-10"* GeV, a
milder hierarchy between those scales.

V. PHENOMENOLOGY

We have seen that [AMpg,| < 10730, and |AMg,| = #ig
are needed to simultaneously satisfy the 6 bound of Eq. (1)
and successfully transmit CPV to the CKM matrix. These
constraints, together with the 1.4 TeV LHC limit on the B
VLQ mass [18], imply v, = 103 TeV. Figure 2 shows a
scatter plot of m, /my, versus |y|Y|, with quark masses and
CKM parameters within their 1o experimental ranges [19],
and the B VLQ mass above the LHC limit. All results have
been obtained using exact one-loop computation of AMp,

and diagonalizing the full Mfil). Notice that we obtain
viable points over a wide range of dark couplings and
masses.

Concerning DM, we assume a benchmark dark scalar
mass spectrum of the type m; < my,,,, {; being our DM
candidate. As seen in Fig. 3, our scenario differs from the
simplest scalar-singlet DM case [20-25] due to the pres-
ence of even scalars H | , arising from . Besides the viable

mp/m,

Y|

FIG. 2. mp/m; versus y|Y|, where mp = (mp, + mp,)/2
and y|Y|= (y,|Ye| 4+ ¥¢]Y,|)/2—see Eqgs. (2)-(4). We set
Vs = 10° TeV. Above the dashed contours, mg, lies below the
labeled value. The same holds to the right of the dash-dotted
vertical lines for the heaviest dark-scalar mass mg,.

1L BR(h— inv) > 0.19

&1l

10 100 1000 5000
m (GeV)

FIG. 3. Higgs-DM coupling g;,;; versus WIMP DM mass m;, .
Along the blue contour, the DM relic density lies in the Planck 36
range [29]. The blue shaded region below that leads to over-
abundant DM. The green shaded region is excluded by the LZ
experiment [30]. The violet and orange contours indicate the
projected sensitivities for LZ [26], XENONnT [27], and
DARWIN [28], respectively. The pink dashed line is the
“neutrino floor” limit [31]. The brown-shaded region is excluded
by the LHC bound on the Higgs invisible decay [19].

relic density dip at m; ~m,/2 ~62.6 GeV (SM Higgs
boson), H;, open up new annihilation channels which
reproduce the observed DM relic abundance. As shown in
the figure, our dark sector can be probed by future direct
detection experiments, e.g., LZ [26], XENONnT [27], and
DARWIN [28].

VI. CONCLUDING REMARKS

In this paper, we propose a new solution to the strong CP
problem based on the existence of a dark sector containing
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a viable (scalar) WIMP DM candidate, as seen in Fig. 3. In
our NB-inspired mechanism, a Zg symmetry allows for
SCPV while leaving a residual Z, to stabilize DM. A
complex CKM matrix arises from one-loop corrections to
the quark mass matrix mediated by the dark sector; see
Figs. 1 and 2. In contrast with other proposals, here the
strong CP phase receives nonzero contributions only at two
loops, enhancing naturalness.

Our setup can be embedded in a more general framework
aiming at addressing other drawbacks of the SM, besides
the strong CP problem and DM. For instance, the VEV of
the complex scalar singlet ¢ could be responsible for
generating neutrino masses, inducing simultaneously
low-energy CP violation in the lepton mixing matrix
[32]. Moreover, the same scalar may also play a key role
in creating the lepton asymmetry required for leptogenesis

[33] as well as driving inflation [34]. This opens a window
for interesting studies where a dark sector provides a
unique solution to several open questions in (astro)particle
physics and cosmology.
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