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In the minimal left-right model the choice of left-right symmetry is twofold: either generalized parity P
or charge conjugation C. In the minimal model with spontaneously broken strict P, a large tree-level
contribution to strong CP violation can be computed in terms of the spontaneous phase α. Searches for the
neutron electric dipole moments then constrain the size of α. Following the latest update on indirect CP
violation in the kaon sector, a bound onWR mass at 20 TeV is set. Possible ways out of this bound require a
further hypothesis, either a relaxation mechanism or explicit breaking of P. To this end, the chiral loop of
the neutron electric dipole moment at next-to-leading order is recomputed and provides an estimate of the
weak contribution. Combining this constraint with otherCP-violating observables in the kaon sector allows
for MWR

≳ 3 TeV. On the other hand, C symmetry is free from such constraints, leaving the right-handed
scale within the experimental reach.
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I. INTRODUCTION

Left-right(LR) symmetric theories [1] offer an under-
standing of parity violation [2] and neutrino mass origin
through the see-saw mechanism [3]. This framework may
be directly tested at the LHC via the Keung-Senjanović [4]
production of a heavy Majorana neutrino [5]. Such obser-
vation would manifest lepton number violation and
Majorana nature of heavy neutrino directly at high energies
with a reach of WR mass at 5–6 TeV [6].
The underlying postulate of parity restoration makes the

minimal LR symmetric model (LRSM) predictive in a
number of ways. It constrains the flavor structure of gauge
and Higgs interactions and thus governs production at
colliders, nuclear transitions such as neutrino-less double
beta decay [7,8] (see also [9]), indirect constraints and early
universe processes such as thermal production of warm
dark matter [10]. It ensures a direct connection between
Majorana and Dirac masses, promoting LRSM to a
complete theory of neutrino mass [11].
The choice of LR parity however, is not unique. It can be

defined either as generalized parityP or charge conjugation
C, see e.g. [12]. The former may offer an insight into the
strong CP problem [13], while the latter can be gauged and
embedded in SOð10Þ.
Indirect constraints on the LR scale have been intensely

studied since the conception of LR theory. The early bound
from kaon mixing [14] was revisited a number of times
[15,16] demonstrating the scale of LRSM is allowed within

the reach of the LHC [12]. A recent study [17] updates the
limit to MWR

≳ 3 TeV and highlights the importance of
current and future constraints from B physics. Regardless
of how one defines parity, LR scale can be within the reach
of LHC, as far as K and B physics is concerned.
A particularly stringent probe of P and CP violating

interactions are electric dipole moments (EDM) of nucle-
ons and atoms [18,19]. After the initial suggestion to use
the neutron EDM (nEDM) as a probe of parity violation
[20] and subsequent discovery of parity breaking in weak
interactions [21], the limit from early searches [22] steadily
improved by around 6 orders of magnitude [23].
In the Standard Model (SM), such searches constrain the

CPV θ term (G ~G) and lead to the so-called strong CP
problem, a quest to explain why this parameter should be
small. An attractive solution was put forth in [24] by
imposing a global Peccei-Quinn (PQ) symmetry. On the
other hand, since the θ term violates P (and CP), parity
restoration at high scales may offer a mechanism [13,25],
different from the usual light axion [26].
LR theories at TeV scales typically give a significant

weak contribution to EDMs due to chirality flipping nature
of gauge interactions. Short-distance effects from quark
EDMs [27,28], the current-current operator [28] and the
Weinberg operator [29] were studied in the past. The long
distance contribution from the chiral loop was estimated
in [30]; however, the result disagrees with the naive
power counting [19,31,32]. This lead to a large limit on
MWR

> 10 TeV, coming from the weak contribution
only [16,33].
In this work we reconsider the issue of nEDM, taking

into account the strong CP contribution and an updated
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chiral loop calculation. It is well known that a complex
VEV in theories with spontaneous P or CP violation
introduces a tree-level contribution to θ̄ [12]. Although it
vanishes in the mq → 0 limit, in the LRSM it comes out
rather large for a generic spontaneous phase α

θ̄ ≈ α

�
v2
v1

��
mu

md
�mc

ms
� mt

mb

�
; ð1Þ

where v1;2 are the usual vacuum expectation values (VEVs)
of the Higgs bidoublet. The experimental EDM searches
require α to be small, which is natural in a technical sense.
As discussed in Sec. VI, this approach differs from the one
in [12] where θ ≠ 0was exploited, while exact P symmetry
was kept in the Yukawa sector.
Following the recent results of [17], the indirect CP

violation in the kaon sector (ϵK) then sets the limit on the
LR scale, MWR

≳ 20 TeV. This bound can be nontrivially
avoided if a relaxation PQ mechanism [34–36] or explicit
breaking in the strong sector is invoked [12].

II. MINIMAL LEFT-RIGHT MODEL

Left-right symmetric theories are based on a simple
extension of the SM gauge group to [1]

SUð3Þc ⊗ SUð2ÞL ⊗ SUð2ÞR ⊗ Uð1ÞB−L; ð2Þ

with LR symmetry restored at high energies. In the minimal
LRSM, parity is broken spontaneously [2] by a pair of
triplets ΔLð3; 1; 2Þ;ΔRð1; 3; 2Þ down to the SM group,
followed by the final breaking with a Higgs bidoublet

hΦð2; 2; 0Þi ¼ diagðv1; eiαv2Þ: ð3Þ

Here, v21 þ v22 ¼ v2 ¼ ð246 GeVÞ2 and α is the sponta-
neous phase.
The relevant gauge interactions for the discussion of

EDMs proceed via LR gauge boson mixing

LLR ¼ gffiffiffi
2

p ξV�
RūRWdR þ H:c:: ð4Þ

These are governed by VR, the right-handed analog of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix VL and the
mixing parameter ξ, the size of which depends on bidoublet
VEVs

ξ ¼ eiα sin 2β

�
MW

MWR

�
2

; ð5Þ

where tan β≡ tβ ¼ v2=v1. The quark Yukawa couplings
can be written as [12]

LY ¼ 1

v2
Q̄LðMΦþ tβ ~M ~ΦÞQR þ H:c:; ð6Þ

where ~Φ ¼ σ2Φ�σ2 and after the final breaking in (3),
quarks become massive

Mu ¼ t−1β M þ tβe−iα ~M;

Md ¼ eiαM þ ~M: ð7Þ

The discrete LR symmetry can be implemented in two
ways: generalized parity or charge conjugation

P∶
�

QL↔QR

Φ → Φ† ; C∶
�

QL↔ðQRÞc
Φ → ΦT

: ð8Þ

Depending on this choice,M (and ~M) is either Hermitian or
symmetric:

P∶ M ¼ M†; C∶ M ¼ MT: ð9Þ

Imposing LR parity in the Yukawa sector brings about
two consequences. First, the flavor structure of gauge
interactions is not free.
For the case of C, the right-handed mixing matrix can be

written as VR ¼ KuV�
LKd where Ku;d are arbitrary diagonal

complex phases. As for P, a universal SUð3ÞL;R trans-
formation can be used to rotate e.g. M to a real diagonal
form and simultaneously remove two phases from ~M. This
model therefore contains only two CP phases: spontaneous
phase α and another “hard” phase in the Yukawa sector. We
then have

VR ≃ KuVLKd; ð10Þ

with external phases depending nontrivially on α and
β [12,16].
The second consequence is that in the case of P,

arg detMu;d and hence θ̄ becomes calculable.

III. PARITY AND THE STRONG CP PROBLEM

The standard solution to the strong CP problem is the
introduction of a global PQ symmetry [24], which provides
the axion [26] upon spontaneous breaking. The original
mechanism is not phenomenologically viable, however
“invisible” models are still allowed [34–36]. In the SM
with PQ symmetry, the axion potential relaxes at a mini-
mum well below the experimental limit, therefore this may
be seen as a dynamical explanation of small θ̄, which may
also play the role of a dark matter candidate [37].
An alternative approach to the strong CP problem is to

impose P or CP symmetry, which sets the G ~G term to zero.
As long as contributions from quark mass matrices and
other CPV interactions stay below the experimentally
allowed value, this approach may be considered as a
solution to the strong CP problem. Such line of thought
was initiated in [13,25], with a natural place in the context
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of LR symmetry [13], where P acts as LR parity (for recent
work, see [38]).

A. θ̄ at tree level

At an energy scale where P is a good symmetry, the
parity violating G ~G term is absent

P∶ θ ¼ 0: ð11Þ
Such imposition is consistent with (9), since a chiral
transformation relates the strong and the weak sector
[39]. As long as quark Yukawa couplings are Hermitian,
θ and arg detðM ~MÞ should be small. After spontaneous
breaking, all the effects parity violation are calculable and θ̄
can be computed from the determinant of quark mass
matrices

θ̄ ¼ arg detMuMd: ð12Þ

In the LRSMwith C, θ remains a free parameter and θ̄ is not
computable.
Conversely, for the case of P, θ̄ can be approximated for

a given α and β. Starting from (7), we have

Mu ¼ ðt−1β − tβÞM þ tβe−iαMd: ð13Þ

Neglecting the Md term provides an estimate valid up to
Oðmb=mtÞ. In this approximation, M can be rotated

M ¼ t2β
2
musu; ð14Þ

such that mu is a real and diagonal matrix with arbitrary
signs su.

1 To this order, mu does not contribute to θ̄, apart
from the off-set by π due to su. For nonzero quark masses,

θ̄ ¼ arg detMd ¼ arg detVLmdV
†
R ¼ arg detVR: ð15Þ

From (7) we have an equation for VR

VLmdV
†
Rsu − suVRmdV

†
L ¼ i sin αt2βmusu; ð16Þ

from which it is clear that θ̄ ∝ αðv2=v1Þ and the propor-
tionality factor can be obtained from (16). In the regime
tβ ≪ mb=mt, a similar equation for VR and an analytical
solution was first derived in [16], while a general solution
in the complete parameter space was recently found in [40].
Setting VL ¼ 1 one easily recovers (1). Turning on the
CKM mixing angles (sij ≡ sin θij; cij ≡ cos θij), the ansatz
in (10) gives

θ̄≃ sin αt2β
ðmdmsmc þmsmbmts212 þmdmbmtc212Þs223 þ ðmdmsmt þmsmbmcs212 þmdmbmcc212Þc223

2mdmsmb
; ð17Þ

where subleading terms were omitted. Free signs in (10)
allow for a set of discrete solutions; all of them are sizeable
and the smallest θ̄ is a factor of 8 below Eq. (17) where all
signs are taken positive. A numerical solution to (16),
obtained by directly solving for Euler angles and external
phases of VR agrees with this estimate.
A general numerical fit of the mass spectrum in (7) (see

Appendix of [12] for details on the fitting procedure)
including the constraint θ̄ < θ̄exp confirms the approxima-
tion in (17), thus sin αt2β → 0 is the only way to have a
small θ̄. The addition of θ̄ constraint significantly worsens
the fit unless sinαt2β ≲ 2mb=mtθ̄exp, in agreement with
(17) and disfavoring other potential minima.

IV. nEDM FROM CHIRAL LOOPS

The chiral loop enhancement of nEDM from θ̄ is known
for some thirty years [41]. This estimate was refined [42]

and revisited in the context of heavy baryon effective theory
[43]. More recently, the relativistic approach with IRreg
[44] was used together with lattice estimates of the tree
level contribution.
For the θ̄ contribution the leading order (LO) analysis in

chiral perturbation theory [41,42] suffices, while for the LR
operator next-to-leading order (NLO) should be taken into
account [30]. Short distance contributions due to quark
dipole [27,28] and Weinberg operator [29] are subleading
and so is the heavy Higgs one [45].
Chiral loops.We carry out a model independent analysis

employing relativistic baryon chiral perturbation [46],
together with extended-on-mass-shell (EOMS) [47] pre-
scription to ensure correct power counting. Following the
standard notation [48], the relevant terms in the chiral
Lagrangian are

Lð1Þ ¼ N̄

�
iD −mN þ gA

2
uγ5

�
N; ð18Þ

Lð2Þ ¼ −
e

4mN
ðκpp̄σμνpþ κnn̄σμνnÞFμν; ð19Þ

1This approximation is reliable also for the first generation
provided v2=v1 ≲ 0.2. The validity of this approximation is
confirmed also by matching the fit of (7) to (14), while
reproducing known CPV constraint in the literature.
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with mN ¼ 938 MeV; fπ ¼ 92.4 MeV; gA ¼ 1.27; κp ¼
1.8 and κn ¼ −1.9. The CPV pion-nucleon couplings,
induced by θ̄ and the direct LR contribution are defined as

LCPV ¼
ffiffiffi
2

p
ḡþðn̄π−pþ p̄πþnÞ þ ḡnn̄π0n: ð20Þ

One loop diagrams contributing to nEDM are shown in
Fig. 1. The third class of diagrams cancels out while the
first two give a finite contribution at LO and the topology of
the first diagram gives an infinite contribution at NLO.
After regularization and EOMS subtraction, the final result
for the nEDMs is

dn ¼
e

ð4πÞ2
gA
fπ

½ḡþfðxÞ þ ð2ḡþκp − ḡnκnÞgðxÞ�; ð21Þ

with loop functions up to OðxÞ, where x ¼ m2
π=m2

N :

fðxÞ ¼ 2 log x − π
ffiffiffi
x

p þ x; ð22Þ

gðxÞ ¼ −
3

4
xð1þ log xÞ þ 3

4
log ðm2

N=μ
2Þ: ð23Þ

The energy scale μ disappears once the (scale dependent)
counterterms are added, leading to a finite and scale
independent result. Equivalently, log ðm2

N=μ
2Þ in (21) can

be neglected, since we are interested in μ ∼ 1 GeV.
Power counting. The expected power of a small quantity

for a given diagram is [49]

D ¼ d − NN − 2Nπ þ 2kVðkÞ
π þ kVðkÞ

πN; ð24Þ

where d is the dimension from loop integration, NNðNπÞ is
the number of nucleon(pion) propagators and VðkÞ is the
number of vertices from the Lagrangian at a given order k.
Diagrams on Fig. 1 at LO(NLO) count as D ¼ 2ð3Þ and
since the Lagrangian term already contains one power of a
small parameter, the photon momentum, the expected

analytical contribution to the loop function is D ¼ 1ð2Þ.
Therefore, the analytic terms in Eqs. (22) and (23) start atffiffiffi
x

p ðxÞ, as they should.
As noticed in [19], the chiral loop calculation in early

works on LR models [30] does not obey the correct power
counting and over-estimates the impact of the LR operator
[30,33]. After an appropriate EOMS subtraction, or alter-
natively a computation in the heavy baryon effective theory
at NNLO [32], this estimate decreases by an order of
magnitude.
Pion-nucleon couplings. We proceed to estimate the

CPV pion-nucleon couplings, induced by θ̄ and the LR
current-current operator.
Adopting [42], the estimate of θ̄ induced couplings is

ḡþ ¼ −ḡn ¼
m2

π

2fπ

�
mΞ −mΣ

m2
K −m2

π

�
θ̄≃ 0.05θ̄: ð25Þ

The chiral loop due to (25) dominates the nEDM signal,
with a lattice estimate of counterterms at ∼30% [44].
Exchange of W via LR gauge boson mixing in (4)

generates LR (and RL) current-current operators

Q1 ¼ ðūdÞV−Aðd̄uÞVþA; Q2 ¼ ðūLuRÞðd̄RdLÞ; ð26Þ

with corresponding Wilson coefficients obtained from (4)

c1ðMWÞ ¼ 2
ffiffiffi
2

p
GFVLudV�

Rudξ; c2ðMWÞ ¼ 0: ð27Þ

QCD running mixes the two operators, suppresses Q1 and
enhances Q2. The anomalous matrix at NLO was obtained
in [50] and running to 1 GeV gives

c1ð1 GeVÞ ¼ 0.74c1; c2ð1 GeVÞ ¼ −1.71c1: ð28Þ

After a Fierz transformation and dropping the color gen-
erator terms since we are only interested in pion couplings,
the CPV effective Hamiltonian can be written as

HLR ≃ 3GFcLR½ðūγ5uÞðd̄dÞ − ðūuÞðd̄γ5dÞ�; ð29Þ

with a dimensionless short-distance coefficient

cLR ¼ ImðVLudV�
RudξÞ: ð30Þ

The leading contribution to ḡþ comes from the pion
vacuum expectation value hπ0i. From (29), a linear term is
created in the potential of the chiral Lagrangian which
induces hπ0i. In the vacuum saturation approximation

hπ0i ¼ 3GFcLR

�
f3πm2

π

2mumd

�
: ð31Þ

The meson fields are expanded around the VEV [42,51],
leading to

FIG. 1. Loop diagrams contributing to the nucleon EDM.
Hatched vertices violate CP, black square is the charge (magnetic
moment) coupling of the photon to nucleons at LO(NLO) and
N ¼ ðn; pÞ. The complete topology includes also the exchange of
CP violating and conserving vertices.
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ḡþ ¼ 2
m2

π

f2π
ðbd þ bfÞ

�
md −mu

mu þmd

�
hπ0i

≃ −10−7cLR; ð32Þ

ḡn ¼ −4
m2

π

f2π

�
b0 þ ðbd þ bfÞ

md

mu þmd

�
hπ0i

≃ 2.7 × 10−5cLR; ð33Þ

with b0 ¼ −0.517 GeV−1, bd ¼ 0.066 GeV−1 and bf ¼
−0.213 GeV−1.
Matching (29) to the chiral Lagrangian provides a direct

source for ḡn [30]

ḡn ¼ 3GFcLR

�
fπm2

π

2mumd

�
hmuūuþmdd̄din

≃ 2.5 × 10−5cLR; ð34Þ

while direct matching to ḡþ is negligible. Here, the
nucleon sigma term σπN ¼ ðmu þmdÞ=2hpjūuþ d̄djpi ¼
ð45� 8Þ MeV [52] and mass difference hpjūu − d̄djpi≃
0.54 [53] were used to estimate the neutron matrix element.
Comparing (32) to (34), we have ḡþ < ḡn, hence the LO

contribution to nEDM is suppressed. Nevertheless, the
chiral log compensates for this suppression and LO
contributes to dn at about the 60% level.
In summary, the LR current-current contribution to dn is

suppressed with respect to the θ̄ one by: two orders of
magnitude due to chiral matching, further two orders due to
the coefficient ImðVLudV�

RudÞ (from the solution of VR) and
finally by an additional scale suppression ξ≲ 10−3. θ̄
dominates the nEDM rate by roughly seven orders of
magnitude.

A. Spontaneous phase and nEDM

Although VR and θ̄ are nontrivial functions of quark
masses, their behavior in the limit when either α or tβ go to
zero is easily understood. As shown in (17), θ̄ vanishes
smoothly. Furthermore, from Eq. (7) it is clear that quark
mass matrices become Hermitian, such that VR ¼ VL with
external phases Ku;d zero or π, as evident from (16). The
imaginary part of the gauge boson mixing ξ disappears and
so does cLR.
Since both θ̄ and cLR go to zero in the same manner

and θ̄ always prevails, one cannot fine-tune the two
contributions. The experimental search for nEDM [23]
dexpn < 2.9 × 10−26 e cm then sets a limit on the sponta-
neous phase. Together with Eqs. (21) and (25), one has
θ̄ ≲ 10−11. A somewhat relaxed limit θ̄ < 1.5 × 10−10 was
obtained in a recent update [43,44]. Adopting the latter
value, the estimate of θ̄ in Eq. (17) translates into
sin αt2β ≲ 10−11, such that

P & nEDM∶ VR ¼ VL; ð35Þ

up to arbitrary signs and to a precision of about 10−10. Note
that having a small α is ensured once CP is imposed on the
potential [54].

B. Quantum stability

The presence of low scale LR interactions might re-
generate θ̄ through quantum corrections. These can be
estimated using the formalism of [55], where the SM
contribution from CKM was studied.
Flavor-changing Higgs contributions are suppressed due

to present constraint requiring a large mass [12,17,56] and
multiple CKM insertions. The main effect is then due to
chirality-flipping diagrams either via LR mixing or two
loop WL −WR exchange.
In the limit of (35), the one-loop contribution due to

external phases Ku;d is

δθ̄1loop ¼
�
α2
π

�
ImðξV�

RtbVLtbÞ
�
mt

mb

�
≲ 10−14: ð36Þ

At two loops, external phase contribution is further sup-
pressed, so essentially the limit (35) applies and the flavor
structure is the same as the SM one with contributions only
due to the CKM phase, as in [55]. Non-Hermiticity of mass
corrections then requires at least three mass insertions and
the maximal amount may be estimated as

δθ̄2loop <

�
α2
π

�
2

s12s13s23sδ

�
mtmb

M2
WR

�
∼ 10−13: ð37Þ

In the leptonic sector, CP phases of order one alleviate
the CKM suppression, however a small neutrino Dirac
mass insertion is required for the chirality flip. We get

δθ̄2loop <

�
α2
π

�
2
�
mt

mb

��
mτmD

M2
WR

�
∼ 10−14; ð38Þ

where mD ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
mνmN

p
with mN ∼MWR

was taken, assum-
ing no extreme cancelation takes place in mD.
Additional source of corrections to θ̄ might be due to

Planck scale effects,2 since quantum gravity physics
might break parity. These are important for solutions
based on PQ symmetry [58]. It turns out they are harmless
for parity restoration in LRSM. As long as the effects
arise from nonrenormalizable operators, as in [58], their
impact is negligible. Parity breaking terms come first at
d ¼ 6

Y
M2

Pl

Q̄LΦQRtrðΔ†
RΔRÞ þ H:c:; ð39Þ

2The explicit breaking of P by Planck effects is sufficient to
avoid cosmologically dangerous domain walls [57].

STRONG P INVARIANCE, NEUTRON ELECTRIC … PHYSICAL REVIEW D 90, 095002 (2014)

095002-5



where Y ≠ Y†. The suppression of non-Hermitian mass
correction is estimable as v2R=M

2
Pl ≈ 10−30 [59], for a right-

handed scale in the TeV region.
Thus, LRSM-P in the limit of (35) remains stable under

quantum corrections.

V. LEFT-RIGHT SCALE: nEDM VS εK

The fundamental role of both direct CPV in ε0 and
indirect in εK for the LRSM is well known [60,61]. A recent
reevaluation of matrix elements and a discussion of relevant
contributions can be found in [17]. The authors show that
one can simultaneously satisfy constraints from K and B
mixing with the CPV ones, as long as tβ > 0.02 and
MWR

> 3.2 TeV. In the limit of vanishing spontaneous

CP violation, ε0 can still be satisfied, however a large bound
on the LR scale emerges from εK .
As discussed above, in the minimal model the nEDM

forces one to the limit of vanishing spontaneous CPV. For
the reader’s convenience we recall the main issues related to
εK (for details, see [17]) and recompute the bound on MWR

in this case. To set constraints from εK , it is customary to
define

hε ¼
ImðHLRÞ
ImðHLLÞ

; ð40Þ

where HLL is the known SM effective Hamiltonian and
HLR can be written as

HLR ¼ GF

X
i;j¼c;t

λLRi λRLj mimj

�
2GF

π2
βWη

A
ijFAðxi; xj; βWÞÞ

−
ηLRij
M2

H

�
2

ffiffiffi
2

p
þ GF

2π2
βWFCðMWR

;MHÞ þ
4GF

π2
βWFDðmi;mj;MWR

;MHÞ
��

ðs̄RdLÞðs̄LdRÞ; ð41Þ

with xi ¼ m2
i =M

2
W; βW ¼ M2

W=M
2
WR

and λLRðRLÞi ¼
V�
LðRÞisVRðLÞid. After imposing (35), the only remaining

freedom for VR resides in the signs si.
As shown originally in [62], self-energy and vertex

diagrams of the heavy flavor-violating Higgs H are needed
for gauge invariance. Although necessary, the above con-
tributions were neglected in the literature until [17], which
demonstrates their importance, especially for ϵK and B
physics. The total LR contribution in Eq. (41) consists of
box, tree-level exchange of the heavy Higgs, self-energy
and vertex diagrams. For the discussion of loop functions,

QCD renormalization factors η and the matrix elements, we
remand the reader to [17].
In the limit of (35), hε depends on MWR

and MH, with a
further freedom due to the signs si. With a conservative
requirement that LR contribution should not exceed 20% of
the SM one [63], we find the lower limit

P & nEDM& ϵK∶ MWR
≳ 20 TeV; ð42Þ

for the favorable choice of signs scst ¼ −1 in VR, as shown
on Fig. 2.
The resulting bound applies in the minimal model with

strictly imposed P, where the smallness of the spontaneous
phase α is enforced by the nEDM. As discussed above, this
is due to θ̄ dominance, where LO dominates and the ∼30%
uncertainty related to counterterm contributions [44] plays
a negligible role.
The huge bound in (42) results from contradictory

requirements on the spontaneous phase α. While it is well
known that a large α is needed to accommodate ϵK with
TeV-scale MWR

[12,16,17], the calculable θ̄ prevents this
from happening. In the following section we study two
possibilities allowing to evade such tension.

VI. WAYS OUT

Up to this point we considered the LRSM with P broken
only spontaneously and accurate to a high degree of ∼10−10
due to strong CP violation. In this section we discuss two
separate extensions of the minimal model, avoiding the
above bound.

Pert
urb

ati
vit

y Lim
it

20

15

& nEDM

15 20 25 30

120

160

200
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FIG. 2 (color online). The bound on the LR scale in the minimal
LRSM-P from εK in the limit of vanishing spontaneous CPV. The
shaded area delineates the perturbative limit, since MH and MWR

cannot be decoupled.
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One possibility, discussed in Sec. VI A, is to invoke the
invisible axion [34,35] scenario which dynamically cancels
a large strong CP phase.
Another option considered in Sec. VI B is explicit

breaking of P in the strong sector only, having θ ≠ 0 to
cancel the effect of the spontaneous phase. This leaves us
with the weak contribution only but strictly speaking leads
to loss of predictability in the minimal model.

A. PQ symmetry and the invisible axion

Introducing a “hidden” PQ symmetry [34–36] cancels
away the leading strong CP term, so we are left with two
weak sources of dn in LRSM. The first one is due to the
chiral loop in (21), with weak CPV vertices induced by
the current-current operators in (29). At the same time, the
presence of these CPV operators induces a linear term in
the axion potential, leading to nonzero θ̄. The induced value
can be estimated as [35,51]

θ̄ind ≃ 3GFcLR

�
f2πm2

π

mumd

�
: ð43Þ

The contribution of θ̄ind exceeds the direct chiral loop by a
factor of 2–3.
At this point the issue of UV counterterms should be

pointed out. While a lattice calculation exists for θ̄ [44], a
similar result for Q1;2 is presently unavailable. However,
recent work [32] suggests that, based on naive dimensional
analysis, the size of the chiral loop could be 10%–20% of
the counterterm. In such case, the direct contribution would
overtake the one in (43) by roughly a factor of 3–5. Lacking
a definitive conclusion, we show in Fig. 3 only the chiral

loop from θ̄ind to illustrate the impact of nEDM. If other
terms were relevant, Fig. 3 would be modified in a
straightforward way. In particular, considering the counter-
term estimate [32] above, the green band would become
narrower. This is simply because both direct and induced
contributions are proportional to the same flavor structure
cLR ∼ sinðα − ϕu − ϕdÞ, where ϕq are the quark phases in
Ku;d. In any case, the bound MWR

≳ 3 TeV remains intact.
The effect of ϕs is subleading, it appears only when

SUð3Þf breaking is taken into account. However, these are
quite suppressed. The main effect again is via the LO pion
loop and the hηi in (32). Due to the heavier ms and
V2
us ∼ 0.04, ϕs gives at most a 10−3 correction.
The resulting bound is a combination of εK; ε0 and θ̄ind.

For the reader’s convenience, we recall that the leading
contribution to ε0 is approximately [17,61]

ε0 ¼ 2.7jξjðsinðα − ϕu − ϕdÞ þ sinðα − ϕu − ϕsÞÞ: ð44Þ

Clearly (44) has a different flavor dependence from cLR
where the effect of ϕs is suppressed and again different
from the one entering εK . This leads to a nontrivial overlap
in the parameter space, shown in Fig. 3. While the addi-
tional constraint from nEDM eliminates many solutions
where εK and ε0 agree, remarkably enough a region of
parameter space can still be found, where all three con-
straints are in agreement, even for a low WR mass. This is
further confirmed by the global fit of the mass spectrum in
(7) with included constraints from εK; ε0 and nEDM.
Moreover, the numerical fit is in agreement with the low

scale MWR
≃ 3 TeV in [17], without spoiling the phase

configuration determined from B − B̄ oscillation (i.e.
jϕb − ϕsj≃ jϕb − ϕdj). Although a general fit including
also B-mixing to determine a precise bound on MWR

is
beyond the scope of this work, we can conclude that PQ
symmetry is an available loophole for a TeV-scale P
restoration.

B. Explicit breaking of P

One might entertain the idea of allowing explicit P
breaking exclusively in the strong sector, while keeping the
Yukawa sector intact, as in [12]. Thus reintroduced, θ then
might cancel any constraint from nEDM [12]. However,
due to the existing search on Mercury EDM [64], a limit
from nEDM applies. Although conservatively the weak
direct contribution does not contribute to dHg [19], a limit
on θ̄ from Mercury still holds. Therefore, one cannot use θ
to cancel both arg detMu;d and the weak contribution.
At the expense of fine-tuning and P breaking, θ can be

used to cancel the phase of the quark mass determinant.
Then the constraint from the pure weak chiral loop in
nEDM remains, up to presently unknown size of the
counterterms. The flavor structure is set by the same
parameter as θ̄ind but with its size suppressed by a factor
∼3, so the above discussion applies and low scale WR is
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allowed. Note that this case is similar to the one discussed
in [16,33], but with a different conclusion. Partly this is due
to the power counting of the NLO loop function and mainly
due to the fact that we find a configuration where all
observables are in agreement, as shown in Fig. 3.
This might be a conceivable way out if the amount of

parity breaking were small enough not to affect other
predictions due to VR. Unfortunately this is not the case; the
calculation of VR already demands a relatively high degree
of parity invariance. Introducing a small amount of explicit
P breaking in M and ~M at the level of 10−4 already affects
all CPV constraints. As seen from Fig. 3 and shown in [17],
one requires tβ > 0.02 for low scale LR. This implies
arg detMuMd ≈ 0.1 − 1 and in order for θ to cancel such a
large contribution, parity would need to be broken by 10%–
100%. Since the non-Hermiticity of quark masses and the θ
term are related by the chiral transformation [39], a similar
amount of breaking should be allowed in the Yukawa sector
as well. This departs from the minimal framework and
basically allows for a free VR, ruining the predictability of
the model.

VII. OUTLOOK

The strong CP problem is addressed in the minimal
LRSM with P parity. Once LR parity is imposed, nucleon
EDMs are saturated by the strong contribution. For a
spontaneous phase of order one, a large θ̄ in (17) takes
over the weak contribution. Setting this phase to be small
simultaneously suppresses both contributions below the
experimental limit, which is consistent with the minimi-
zation of the potential and remains stable under quantum
corrections.
Having a small spontaneous phase in the Yukawa sector

carries important consequences. Lacking additional CP
phases, the bound from ϵK cannot be avoided and sets the
LR scale to MWR

> 20 TeV. Such high scale is outside the
reach of LHC, but may be accessible to a future generation
100 TeV collider [65].
A possible way out of this limit is to invoke an

“invisible” axion mechanism or explicit P breaking.

Although nEDM adds a nontrivial additional constraint,
there still exists a portion of parameter space where low
scale LR is consistent with other CPV probes, such as ε0
and εK . This intriguing result may change in the future,
especially if CPV limits in the B-sector and proton
(deuteron) EDM were improved [66].
There is a consequence of having an explicit CP phase

also in the leptonic sector. For the case of C parity, a direct
link exists between Majorana and Dirac masses based on
the symmetricity of the Dirac mass [11]. A similar con-
clusion follows for the case of P. Here, the connection is
less evident for an order one phase α, but becomes clear
when Dirac masses are nearly Hermitian [67].
Regarding strong CP and other CPV constraints, the

case of C parity is entirely different. There, just as in the
SM, θ̄ is a free parameter and there are additional CP
phases in the gauge sector. Thus, one does not need a large
tβ to accommodate εK , while nEDM and ε0 can be made
small by decreasing tβ or by proper choice of available
phases inKu;d. Either way, low scale LR parity realized as C
requires no additional protection from a large θ̄ and remains
to be probed at the LHC.
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