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Abstract: We study the simplest theories with exact spacetime parity that solve the strong

CP problem and successfully generate the cosmological baryon asymmetry via decays of right-

handed neutrinos. Lower bounds are derived for the masses of the right-handed neutrinos and

for the scale of spontaneous parity breaking, vR. For generic thermal leptogenesis, vR
>∼ 1012

GeV, unless the small observed neutrino masses arise from fine-tuning. We compute vR
in terms of the top quark mass, the QCD coupling, and the Higgs boson mass and find

this bound is consistent with current data at 1σ. Future precision measurements of these

parameters may provide support for the theory or, if vR is determined to be below 1012 GeV,

force modifications. However, modified cosmologies do not easily allow reductions in vR –

no reduction is possible if leptogenesis occurs in the collisions of domain walls formed at

parity breaking, and at most a factor 10 reduction is possible with non-thermal leptogenesis.

Standard Model parameters that yield low values for vR can only be accommodated by having

a high degree of degeneracy among the right-handed neutrinos involved in leptogenesis. If

future precision measurements determine vR to be above 1012 GeV, it is likely that higher-

dimensional operators of the theory will yield a neutron electric dipole moment accessible to

ongoing experiments. This is especially true in a simple UV completion of the neutrino sector,

involving gauge singlet fermions, where the bound from successful leptogenesis is strengthened

to vR
>∼ 1013 GeV.
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1 Introduction

Leptogenesis requires neutrino masses to be Majorana and CP violation in the lepton sector.

Observations of neutrinoless double beta decay and different oscillation rates for neutrinos

and anti-neutrinos would therefore maintain strong interest in leptogenesis. However, the

SM viewed as an effective field theory is also expected to have these properties, so Majorana

neutrino masses and CP violation in neutrino oscillations are hardly evidence for leptogenesis.

Evidence from neutrino data could emerge in the context of an underlying theory where the

number of parameters in the lepton sector is reduced, either by flavor symmetries [1] or by

assuming that some entries in the neutrino Yukawa matrix are too small to be relevant [2, 3].

Here we try an alternative direction.

A particularly simple and motivated setting for leptogenesis is provided by theories with

an underlying parity symmetry. The new fermions required for leptogenesis are right-handed

neutrinos, required by the parity transformation νL ↔ νR. Theories with parity are strongly

motivated by the elegance of the matter representation [4, 5] and as a solution to the strong

CP problem [6–8]. Minimal theories that solve the strong CP problem via an exact parity

symmetry double the weak gauge group to SU(2)L×SU(2)R and have a single Higgs doublet

for each SU(2), HL and HR. Parity and SU(2)R breaking occur spontaneously, with ⟨HR⟩ =
vR generated radiatively by the Higgs Parity mechanism [9]. The effective theory below

vR is essentially the Standard Model (SM), and vR can be computed as a function of SM

parameters because it is the scale where the SM Higgs quartic coupling vanishes. There are

large uncertainties due to experimental uncertainties in the top quark mass, mt, and the QCD

coupling, αs. Currently, vR lies in the range (3× 1010 − 3× 1013) GeV, at 1σ.

In these theories Majorana masses for the light neutrinos arise from both the seesaw

mechanism by the exchange of νR, and from a direct dimension-5 Weinberg operator contri-

bution. The coefficient of the Weinberg operator is determined by vR and by the size of the

right-handed neutrino masses Mi, giving

mdir
i =

v2L
v2R

Mi. (1.1)

Hence the thermal leptogenesis bound M1 > 109 GeV from naturalness [10], and the require-

ment that the direct contribution to the neutrino masses not exceed the observed masses,

leads to a naturalness lower bound on vR. If the flavor mixing angles and CP violating phases

are of order unity, vR is predicted to be at the bound.

In this paper we study leptogenesis in these theories, where radiative spontaneous break-

ing of exact parity symmetry solves the strong CP problem. We show that successful lepto-

genesis gives rise to strong bounds on vR solely from forbidding fine-tunings in the neutrino

mass matrix. Such bounds on vR can be translated to bounds on Standard Model parameters

such as mt and αs which are associated with vR as discussed above. Moreover, we discuss the

implications of these measurements for the estimate of the neutron electric dipole moment

that arises from a higher-dimension operator involving HR and the breaking of parity.
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Leptogenesis in the same class of theories was analyzed in [11], coupled with the additional

requirement that dark matter is composed of the lightest right-handed neutrino. This dark

matter was produced by relativistic freeze-out with subsequent dilution from the decay of

a heavier right-handed neutrino or by freeze-in with a low reheating temperature. Here,

we remove this dark matter requirement and analyze in detail the lowest possible vR that

allows the right-handed neutrinos to generate the observed baryon asymmetry of the universe

through thermal or non-thermal leptogenesis.

In Sec. 2 we review the two simplest models of parity restoration that solve the strong

CP problem. The Left-Right model has no quarks and charged leptons beyond those of the

SM, while in the Mirror model a set of mirror fermions is introduced. In Sec. 3 we compute

vR, paying particular attention to the dependence on mt and αs. In Sec. 4 we discuss the

origin of neutrino masses; the effective field theory for the neutrino sector is identical in the

Left-Right and Mirror models. We derive the relationship between the mass matrix of the

active neutrinos, the right-handed neutrino masses and neutrino Yukawa couplings relevant

for leptogenesis.

In Sec. 5 we compute the naturalness bound on vR from thermal leptogenesis in the case

that the right-handed neutrinos do not possess a high degree of degeneracy. The bound is

very strong, so in Sec. 6 we study whether it can be weakened by the decays of a non-thermal

population of right-handed neutrinos 6.1, degeneracy of right-handed neutrinos 6.2, or in the

Radiative Singlet Model where the light neutrino masses vanish at tree-level 6.3.

Up until this point, we assume parity breaking occurs at a phase transition before infla-

tion, so that the resulting domain walls are inflated away. In Sec. 7 we relax the requirement

of exact parity in the Higgs sector so that the spontaneous breaking of parity may occur after

inflation, leading to an era with a domain wall network. We investigate whether the bound

on vR could be weakened by having leptogenesis occur during collisions of domain walls.

A summary of each of these leptogenesis scenarios and their corresponding limits on both

the scale of the right-handed neutrino masses, Mi, and the scale of right-handed symmetry

breaking, vR, is shown in the table below. Conclusions are presented in Sec. 8.

Leptogenesis Scenario Lower Limit on Mi Lower Limit on vR
Thermal Right-Handed Neutrinos, νR ∼ 109 GeV (5.1) ∼ 1012 GeV (5.2)

Non-thermal νR ∼ 107 GeV (6.1) ∼ 1011 GeV (6.1)

Degenerate νR ∼ 2× 103 GeV (6.2) ∼ 109 GeV (6.2)

Radiative Singlet Model ∼ 1011 GeV (6.3) ∼ 1013 GeV (6.3)

Domain Wall Collisions ∼ 109 GeV (7) ∼ 1012 GeV (7)

2 Parity Restoration with Minimal Higgs Doublets (Higgs Parity)

A remarkable feature of the Standard Model (SM) is that spacetime parity is broken. The

central role played by parity conservation in atomic and nuclear physics, and the apparently
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fundamental nature of the transformation r → −r, resulted in parity violation emerging in

the mid-1950s as a profound surprise [12, 13]. Left-handed fermions appear as doublets of the

weak interaction gauge group SU(2)L, while the right-handed fermions do not feel this weak

force. For example, ℓL = (νL, eL) represent the SU(2)L doublets of left-handed neutrinos

and charged leptons, while eR are SU(2)L singlets and right-handed neutrinos have not been

discovered.

Although νL and eL are treated symmetrically by the weak interaction, it is hard to

conceive of two particles less like each other than the neutrino and electron. The differences

emerge from the breaking of the weak interaction symmetry by the condensate of the Higgs

field HL, which is also a doublet of SU(2)L and was discovered a decade ago. The potential

for the Higgs field is extremely simple involving two real parameters

VSM(HL) = −µ2H†
LHL +

λ

2
(H†

LHL)
2. (2.1)

The minimal extension of the Standard Model that allows an excess of baryons over anti-

baryons to develop in the early universe is obtained by adding Majorana fermions, N , that

do not feel the strong or electroweak interactions and have Lagrangian terms

LN = y ℓLNHL +
1

2
MN NN, (2.2)

where generation indices are omitted. If the couplings y are large enough, N were produced

during an early era of the hot big bang. As the temperature dropped below their mass, they

generate a lepton asymmetry by decays

N → ℓLHL, ℓL HL, (2.3)

with different decay rates to the particle and anti-particle modes. The lepton asymmetry is

processed to a baryon asymmetry by sphalerons of the SU(2)L weak interactions.

Parity restoration provides a simple framework for realizing this cosmological scheme

of leptogenesis, as the fermions N are interpreted as right-handed neutrinos, which parity

requires. To construct a theory which is parity invariant it is necessary that, in addition to

reflecting the spatial coordinate, the weak interaction of SU(2)L is transformed into another

interaction, SU(2)R, that acts on right-handed fermions. Thus the electroweak gauge group

must contain SU(2)L × SU(2)R, and nature must contain WR gauge bosons of SU(2)R, in

addition to the observed WL gauge bosons of SU(2)L. Under parity, in addition to r → −r,

SU(2)L ↔ SU(2)R,

ℓL(2, 1) =

(
νL
eL

)
↔ ℓR(1, 2) =

(
νR
ψR

)
.

There are two theories of parity restoration that are consistent with thermal leptogenesis.

In both theories, the gauge group is SU(3)c×SU(2)L×SU(2)R×U(1) or SU(4)×SU(2)L×
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SU(2)R. In the minimal version (Model A in [9]) which we call the left-right (LR) theory,

the Parity partners (q̄, ℓ̄) of the SU(2)L doublet SM fermions (q, ℓ) are SU(2)R doublets and

are right-handed SM fermions except for νR, and the U(1) generator is B−L when acting on

SM fermions. In particular, ψR are identified as the right-handed charged leptons, eR. In the

other, non-minimal, theory (Model D in [9]) which we call the Mirror theory in this paper,

all of the Parity partners (q′, ℓ′, ū′, d̄′, ē′) of the SM fermions (q, ℓ, ū, d̄, ē) are new particles.

These mirror fermions have the same SU(3)c × U(1)Y charges as the SM counterparts, and

(q′, ℓ′) are SU(2)R doublets. In both theories, the neutrinos νL and νR have the same mass

terms and the same interactions relevant for leptogenesis, so the analysis and results of this

paper apply to both the LR theory and the Mirror theory.

There are three other closely related theories of parity restoration. Two (Models B

and C in [9]) have a gauge group SU(3)c × SU(2)L × SU(2)R × U(1), but differ from the

LR and mirror theory in whether parity conjugates the color and hypercharge quantum

numbers. Another one, with electroweak symmetry completely mirrored, has a gauge group

SU(3)c×SU(2)L×SU(2)R×U(1)Y ×U(1)Y ′ , fermions are doubled, and ψR are mirror leptons

charged under Mirror QED, e′R [14]. However, in these three theories, the lightest extra quark

is stable and necessarily produced at the high temperatures necessary for leptogenesis. At the

QCD phase transition, these quarks hadronize with SM quarks, forming heavy fractionally

charged particles whose terrestrial abundance is highly constrained [15]. Consequently, the

cosmology of these theories is challenging to reconcile with leptogenesis. For this reason, we

hereafter mainly focus on the LR and Mirror theories which do not have these problems.

(See, however, discussion at the end of Sec. 6.2.) The U(1) × U(1)′ symmetry of the Mirror

electroweak theory may be spontaneously broken down to U(1) to obtain the LR or Mirror

theory.

Experimental searches for WR have placed a lower limit on vR of 13 TeV in the LR

theory [16], where the parity partners of the left-handed SM fermions are right-handed SM

fermions. In the Mirror theory, the mirror quarks are triplets under QCD, at least at LHC

energies, so that the u′ mass must be above 2 TeV, forcing vR above 108 GeV. SU(2)R must

be broken at a larger scale than SU(2)L. A key question is how the Higgs fields transform

under the gauge group SU(2)L × SU(2)R. In this paper we explore the possibility that the

Higgs system is minimal, namely under parity

HL(2, 1) ↔ H†
R(1, 2), (2.4)

leading to a doubling of the SM Higgs potential and the addition of a quartic coupling

V (HL, HR) =

(
−µ2H†

LHL +
λ

2
(H†

LHL)
2

)
+

(
−µ2H†

RHR +
λ

2
(H†

RHR)
2

)
+ ξ H†

LHLH
†
RHR.

(2.5)

At tree-level there is no realistic vacuum solution of this potential; either HL and HR have

equal vacuum values, vR = vL, or one of them vanishes, vL = 0 [17]. However, radiative
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Figure 1. Overview of the two parity-restoring models with minimal Higgs sectors. The left-panel

shows the ‘Left-Right’ theory, which has gauge symmetry SU(3)c×SU(2)L×SU(2)R×U(1)B−L at high

energies. Parity interchanges left-handed and right-handed quarks and leptons, and is spontaneously

broken at vR by the HR vev, which also breaks the gauge group: SU(2)R × U(1)B−L → U(1)Y . SM

Yukawa couplings arise from the dimension-five operators shown in green. The right-panel shows the

‘Mirror’ theory which contains mirror quarks and leptons. The strong interaction gauge group may

be SU(3)c or SU(3) × SU(3)′ → SU(3)c. Spacetime parity maps SM fields to their chirality-flipped

mirror counterparts. Parity is broken at vR by the vev of HR, with charged mirror fermions acquiring

masses vR/v larger than their SM counterparts, as shown in red.

corrections allow a realistic vacuum with parity spontaneously broken at the scale where the

SM quartic coupling passes through zero, giving a 1σ range of

vR ≃ (3× 1010 − 3× 1013) GeV, (2.6)

as discussed in the next section. This theory of Higgs Parity [9] is the minimal Higgs sector

with parity restoration and, unlike conventional LR theories with SU(2)L × SU(2)R, the

parameters of the Higgs potential are real. Parity solves the strong CP problem in the LR

theory, with radiative corrections to θ̄ arising at 2-loops [9, 18] offering the possibility of

detection of a neutron electric dipole moment in upcoming experiments [19].1 Strong CP

is also solved in the Mirror theory, providing QCD is not mirrored [14, 20] or arises from

1A non-minimal alternative is to introduce soft breaking of parity in the scalar potential, δV = µ2(H†
LHL−

H†
RHR). Realistic vacua then result at tree-level, with any value of vR above the experimental bound. Indeed,

this was the first model constructed with parity solving the strong CP problem [8]. This soft breaking in the

electroweak Higgs potential could arise from spontaneous breaking in some other sector of the theory. In this

paper we restrict our attention to the minimal electroweak Higgs potential of (2.5) with parity exact.
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the breaking of SU(3) × SU(3)′ to the diagonal sum [14, 21]. In these cases the radiative

corrections to θ̄ are negligible, as in the SM.

The theory with Higgs Parity, whether LR or mirror, is an EFT and is expected to have

higher-dimension operators that generate a non-zero value of θ̄ once parity is spontaneously

broken. These first arise at dimension 6 [9]

L6 =
C

M2
Pl

(H†
LHL −H†

RHR) GG̃ + ... (2.7)

where G is the QCD field strength. There are also relevant operators that correct the quark

Yukawa couplings at order v2R/M
2
Pl. The resulting bound on vR is highly uncertain, as the

UV completion at the Planck scale MPl is not known. For example, with C = 1 the bound is

vR ≲ (1012 − 1013) GeV for MPl in the range of the Planck or reduced Planck mass. Thus,

as vR is increased above about (1013 − 1014) GeV, a “Little strong CP problem” emerges.

However, it may be that the LR or mirror theory has a UV completion before the Planck

scale that leads to C ≪ 1, allowing these larger values of vR. For example, if parity is

embedded into SO(10) × CP [9] we expect C ∼ v10/MPl, where v10 is the SO(10) breaking

scale. Similarly C ≪ 1 if supersymmetry is encountered between vR and MPl. In the coming

decade, experiments searching for the neutron electric dipole moment will improve sensitivity

by a factor of 30 [19], thereby probing values of vR higher by a factor of 5. Thus, there is

a good chance of discovery if vR is in the range of (1012 − 1014) GeV and the LR or mirror

model is UV completed at the Planck scale, and there is also a chance for discovery if vR is

larger and a UV completion with C ≪ 1 comes earlier.

When gauge singlets N are added to the SM, and thermal leptogenesis proceeds via

the interactions of (2.2), there is a bound on the mass of the lightest N involved in the

process, MN
>∼ 109 GeV as discussed in Sec. 5.1. This can be relaxed in theories where the

decaying N have a non-thermal abundance or where there is degeneracy among the N . In

this paper we study bounds on mνR and vR from leptogenesis in parity symmetric theories

with minimal Higgs fields. In addition to the seesaw contribution to the light neutrino mass,

which is inversely proportional to mνR , there is a direct term from a dimension-5 operator,

(v2L/v
2
R)mνR , proportional to mνR as discussed in Sec. 4. Forbidding a fine-tuned cancellation

between these contributions, we derive a lower bound of vR > 3× 1011 GeV, in the middle of

the range (2.6) allowed by the Higgs Parity theory.

3 The Scale of SU(2)R in Higgs Parity

We begin with a brief review of how the scale vR is correlated with the values of the top

quark mass, mt, and the QCD coupling, αs in the Higgs Parity theory [9]. The minimal

Higgs potential, (2.5), is usefully rewritten as

V (HL, HR) = −µ2
(
H†

LHL +H†
RHR

)
+
λ

2

(
H†

LHL +H†
RHR

)2
+ λ′ H†

LHLH
†
RHR. (3.1)

We assume that the mass scale µ is much larger than the electroweak scale, vL.
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With positive µ2, HR obtains a large vacuum expectation value ⟨HR⟩ = µ/λ1/2 ≡ vR
and spacetime parity is spontaneously broken. After integrating out HR at tree-level, the low

energy effective potential of HL is

VLE(HL) = λ′ v2R H†
LHL − λ′

(
1 +

λ′

2λ

)
(H†

LHL)
2. (3.2)

The hierarchy vL ≪ vR is obtained only if the quadratic term is small, which requires a small

value of λ′ ∼ −v2L/v2R. The quartic coupling of the Higgs HL, λSM, is then very small at

the symmetry breaking scale vR. The nearly vanishing quartic coupling can be understood

by an approximate global SU(4) symmetry under which (HL, HR) forms a fundamental rep-

resentation. For |λ′| ≪ 1 the potential in Eq. (3.1) becomes SU(4) symmetric. The SU(4)

symmetry is spontaneously broken by ⟨HR⟩ and the SM Higgs is understood as a Nambu-

Goldstone boson with vanishing potential.

At tree-level the potential still leads to ⟨HL⟩ = ⟨HR⟩ = vR because of the small quartic

coupling. However, for extremely small λ′, vacuum alignment in the SU(4) space is fixed by

quantum corrections which violate the SU(4) symmetry. The dominant effect is renormaliza-

tion group running from energy scale vR down to vL. The top quark contribution dominates

over the gauge contribution and generates a positive quartic coupling λSM(vL) ≃ 0.1, and

creates the minimum of the potential at vL ≪ vR. From the perspective of running from low

to high energy scales, the scale at which the SM Higgs quartic coupling nearly vanishes is

the scale vR. Threshold corrections to λSM(vR) are computed in [20, 22] and are typically

O(10−3).

The vacuum alignment can be also understood in the following way. For λ′ > 0, the

minima of the potential are (⟨HL⟩ , ⟨HR⟩) = (vR, 0) and (0, vR), where vR ≡ µ/λ1/2, and

the mass of Higgses are of order µ. For λ′ < 0, the minima are ⟨HL⟩ = ⟨HR⟩ ∼ vR. None

of these minima for λ > 0 and λ′ < 0 give rise to an SU(2) sector broken at a scale much

lower than the other. To obtain a viable vacuum, we need λ′ ≃ 0, for which the potential

has an accidental SU(4) symmetry and nearly degenerate vacua with v2L = v2R = µ2/λ. In

this case, quantum corrections must be taken into account to determine the orientation of

the vacuum. The dominant effect is given by the top quark Yukawa coupling, which leads

to a Colemann-Weinberg potential that in the limit that λ′ = 0 orients the vev entirely in

the HR or HL direction. However, a small negative λ′ slightly destabilizes the vacuum with

all the vev in HR to give (⟨HL⟩ , ⟨HR⟩) = (vL, vR) with vL ≪ vR. There is also a physically

equivalent vacuum with the L and R labels interchanged: we define L by vL ≪ vR.

Between the electroweak scale and the scale of parity restoration, vR, the running of the

Higgs quartic coupling λSM is exactly the same as in the SM. We follow the computation

in [23] and show the running in the left panel of Fig. 2 for a range of values for the top quark

mass mt = (172.56 ± 0.48) GeV, QCD coupling constant at the Z boson mass αS(mZ) =

(0.1179± 0.0009), and Higgs mass mh = (125.25± 0.17) GeV.

The value of the SM quartic coupling at the scale vR is not exactly zero because of the
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Figure 2. (Left) Running of the SM quartic coupling. (Right) Predictions from the Higgs Parity

mechanism for the scale vR as a function of the top quark mass, mt. Contours of αS(MZ) show how

the prediction changes with the uncertainty in the QCD coupling constant. The thickness of each

contour corresponds to the current 1σ uncertainty in mh of ±170 MeV. Both panels are for the LR

model.

threshold correction [20],

λSM(vR) ≃ − 3

8π2
y4t ln

e

yt
+

3

128π2
(g2 + g′

2
)2

(
ln

e
√
2√

g2 + g′2
− ln

g2√
g4 − g′4

)
+

3

64π2
g4 ln

e
√
2

g
,

(3.3)

where the MS scheme is assumed.2 The prediction for the scale vR is shown in the right panel

of Fig. 2 as a function of mt. Colored contours show how the prediction for vR changes when

the QCD coupling constant varies by ±1σ and ±2σ deviations about its mean. The thickness

of each curve corresponds to the 1σ uncertainty in the measured Higgs mass, mh = (125.25±
0.17) GeV. With 2σ uncertainties, vR can be as low as 3× 109 GeV. Future measurements of

SM parameters can pin down the scale vR with an accuracy of a few tens of percent [20].

How accurately will vR be determined by future measurements of mt, αs and mh? At the

present central values, varying both mt and αs by the current 1σ uncertainties of 480 MeV

and 0.0009 gives a range in vR of about three orders of magnitude, from about 3×1010 GeV to

3×1013 GeV. Studies of expected reductions in these uncertainties [24–27] offer the possibility

of a large improvement in the determination of vR. Over the coming decade, improvements

2Here it is assumed that the top Yukawa is simply given by ytHLqū+ytHRq̄u. In the LR theory, it is possible

that u and ū has a Dirac mass term. The threshold correction for this case is different from Eq. (3.3), but

this only makes the prediction on vR for given SM parameters smaller [22]. In Model D, Yukawa interactions

of HLqu + HRq̄ū are allowed by the gauge symmetry. As is shown in Appendix C, the prediction on vR for

given SM parameters can become only smaller also in this case.
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Figure 3. Future determinations of vR in the LR model from improved measurements of SM param-

eters. The figures are analogous to the right panel of Fig. 2 but with improved uncertainties. The

labelled colored bands and the uncertainties on the mt axis are for expected improvements over the

next decade, with uncertainties of ±160 MeV for mt, ±0.00045 for αS(MZ), and ±30 MeV for mh.

The yellow band highlights the even finer precision expected with a next generation e+e− collider.

The 3σ uncertainty range of mt from a future e+e− collider is roughly the same as the 1σ uncertainty

range from the High Luminosity LHC, shown as a vertical dark-gray band. Left: Centered on mt(αs)

that are 1σ above (below) the current values. Right: Centered on mt(αs) that are 1σ below (above)

the current values.

by a factor 3 on δmt and 5 on mh from High Luminosity LHC, and a factor 2 on δαs, will

shrink the 1σ range for vR to about one order of magnitude. However, the future allowed

range for vR depends strongly on the results for the central values of mt and αs. From the

right panel of Fig. 2, it is apparent that the determination of vR becomes more precise at

higher values of mt, where high values of vR can be reliably excluded. In the left panel of

Fig. 3, we assume central values for mt(αs) that are 1σ above (below) the current values and

find that the full 1σ range for vR is only about a factor of 3. In the right panel, we assume

central values for mt(αs) that are 1σ below (above) the current values and find that the full

1σ range for vR is still 2 orders of magnitude.

At a future e+e− collider, a top threshold scan could give a further factor of three

reduction in δmt, high statistics Z measurements could reduce δαs by a further factor of

4, and the uncertainty on mh would be around 10 MeV. The yellow bands of Fig. 3 indicate

the uncertainty in vR with next generation colliders. With present central values for these

parameters, the full 1σ range for vR would then be about a factor of two, whereas the ranges

for other choices of the central values can be seen in the right panel of Fig. 3.
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Using an analytic approximation, we find uncertainties in log10 vR of

δ(log10 vR) = (log10 vR − 7.9)

(
−0.23

δmt

0.48GeV
, 0.15

δαs

0.0009

)
(3.4)

from uncertainties (δmt, δαs). This is a good approximation for 109GeV < vR < 1014GeV,

and the first factor shows how the uncertainty grows with vR. Using this approximation, at the

current central values the 1σ uncertainties in log10 vR are (±0.83,±0.54) now, (±0.28,±0.18)

after High Luminosity LHC, and (±0.09,±0.07) after runs at a future e+e− collider. The

latter case corresponds to δvR/vR = (±0.21,±0.16).

4 Neutrino Masses with Higgs Parity

In both the LR and Mirror theories with Higgs Parity, neutrino masses arise from operators

of dimension-5

Lν = − 1

2M

(
ℓic

∗
ijℓj HLHL + ℓ̄icij ℓ̄j HRHR

)
+

1

M
ℓibij ℓ̄j HLHR + h.c., (4.1)

where M is real, cij is symmetric and bij is Hermitian. The leptons, which transform under

SU(2)L × SU(2)R as ℓ(2, 1) and ℓ̄(1, 2), are described by two-component left-handed Weyl

fields, so that the parity transformation is ℓ ↔ ℓ̄†, and HL ↔ H†
R. Previously we called the

lepton doublets of the Mirror theory ℓ′; now we call them ℓ̄, so that our analysis applies to

both LR and Mirror theories. In both theories, we write the neutral field in this doublet as

ν̄, and describe the corresponding state as a right handed neutrino, νR.

The operators of (4.1) can arise from exchanges of heavy fermions, transforming under

SU(2)L ×SU(2)R as (1, 1) or (3, 1)+ (1, 3) for the lepton number violating case and (1, 1) or

(2, 2) for the lepton number conserving operator [9, 22]. In section 6.3 we explore interesting

features of the theory where both types of operator are generated by three Majorana singlets

S(1, 1). The operators can also arise from the exchange of massive scalars transforming as

(3, 1)+ (1, 3) ((2, 2)) for the lepton number violating (conserving) operators. If the masses of

the heavy exchanged particles are larger than vR, then the effective theory (4.1) applies at

scales of vR and below. Even if these masses are below vR, providing they are the largest mass

terms in the neutral fermion mass matrix, the effective theory relevant for neutrino masses

and leptogenesis is given by (4.1) with HR replaced by vR.

The effective Lagrangian of (4.1) leads to a 6× 6 neutrino mass matrix,(
νi ν̄i

) (
Mij v

2
L/v

2
R yijvL

yjivL M∗
ij

)(
νj
ν̄j

)
, (4.2)

where Mij = cijv
2
R/M and yij = bijvR/M . Without loss of generality, we can work in a basis

where cij is diagonal such that

Mij =Mi δij , (4.3)
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with all Mi real and positive and no summation over indices. On integrating out the three

heavy states assuming cv2R ≫ bvLvR, we obtain a mass matrix for the three light neutrinos:

mij = δij
v2L
v2R
Mi − yik

1

Mk
yTkjv

2
L ≡ δij m

dir
i −mss

ij . (4.4)

We call the first term the “direct” contribution and the second the “seesaw” contribution.

It is useful to study the direct and seesaw contributions to the light neutrino mass matrix

from each νRi . Each ν̄i field couples to a single combination of ℓj , which we call ℓ̃i, so that

the Yukawa coupling of ν̄i can be written as

Lyi = yi ℓ̃i ν̄iH + h.c., ℓ̃i = ℓj yji/yi, y2i ≡
∑
j

|yji|2, (4.5)

with yi real. Thus, each νRi gives mass contributions to two different states, a direct one for

νi and a seesaw one for ν̃i. (Note that ℓ̃i are not orthogonal.) If large leptonic mixing angles

arise from the neutrino sector, νi and ν̃i are expected to be very different, and generically

they are not orthogonal. Consequently, the Lagrangian for the light neutrino masses can be

written as a sum of three such terms, one from each νRi

Lν =
1

2

∑
i

(
mdir

i νiνi −mss
i ν̃iν̃i

)
+ h.c. =

1

2

∑
i

(
v2L
v2R

Mi νiνi −
y2i v

2
L

Mi
ν̃iν̃i

)
+ h.c.. (4.6)

In parity-symmetric theories, Eq. (4.4) demonstrates that the direct contribution to the neu-

trino mass, mdir
i = (v2L/v

2
R)Mi, always contributes to the active neutrino mass, and may

dominate over the seesaw contribution, mss
ij . A useful numerical parameterization of the

direct contribution is

mdir
i ≃ 10−1 eV

(
Mi

109GeV

)(
6× 1011GeV

vR

)2

. (4.7)

The lower bounds on vR derived in this paper follow directly from the equal magnitudes

of the ℓiℓjH
2
L and ℓ̄iℓ̄jH

2
R couplings of (4.1), which gives mdir

i = (v2L/v
2
R)Mi and (4.7). In

conventional LR models, with gauge symmetry breaking from bi-doublets and triplets, the

direct contribution to neutrino masses is replaced by a type-II seesaw contribution. While this

contribution is proportional to (v2L/v
2
R)Mi, the proportionality constant is a free parameter,

typically less than unity, so that the bounds on vR are lost.

5 Natural Bound on vR from Thermal Leptogenesis

In the early universe, decays of right-handed neutrinos can generate a lepton asymmetry,

which is then processed by electroweak sphalerons to give a cosmological baryon asymmetry.

In the case that the lightest right-handed neutrino, νR1 , was in the thermal bath before or

during the era of decay, this mechanism is known as thermal leptogenesis. The physics of

leptogenesis is the same whether the decaying state is N1 of the augmented Standard Model,
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(SM + N), or νR1 of a theory with parity restoration. For simplicity, in both cases we refer

to the decaying state as νR1 .

After inflation we assume that the universe reheats to a temperature TR
>∼M1 (except in

Sec. 6.1) so that thermal production of νR1 is not suppressed. We assume that the maximum

temperature reached after inflation Tmax < vR, to avoid domain wall formation at the SU(2)R
phase transition (we remove this constraint in Sec. 7 where we add a small Z2-breaking term

that makes the wall network unstable). While the EFT of (4.1) ensures M1 < vR, in many

theories of inflation Tmax ≫ TRH [28, 29], so that vR ≫ M1 allows for a wide range of

reheating scenarios. Virtual processes involving gauge bosons of mass of order vR put νR1 in

thermal equilibrium if [30]

TRH > 5× 1010GeV
( vR
1012GeV

)4/3
. (5.1)

When leptogenesis is close to the strong washout regime, or in strong washout as in Sec. 6.3,

interactions with the SM Higgs are sufficient to put νR1 in thermal equilibrium, so only

TR > M1 is required.

5.1 Bound on M1

Decays of νR1 give a yield for the baryon asymmetry of

YB =
nB
s

=
28

79
ϵ η Ytherm ≃ 10−3ϵ η (Thermal Leptogenesis), (5.2)

where Ytherm is the thermal yield of νR1 . The efficiency factor η is small when νR1 is in

thermal equilibrium at decay (the ‘strong wash-out’ regime). At the energy scale M1, the

Yukawa interaction of νR1 is y1 ℓ̃1νR1HL, where we use the tilde basis of (4.5). Integrating

out νR1 leads to a seesaw mass for ν̃1 of size mss
1 = y21v

2
L/M1. The ‘strong wash-out’ regime is

avoided if mss
1
<∼ 10−3 eV, in which case 0.3 < η < 1 [31]. ϵ is the lepton asymmetry produced

per νR1 decay, and results because at 1-loop level Γ(νR1 → HLℓ̃1) ̸= Γ(νR1 → H†
Lℓ̃

†
1).

We begin by assuming that the dominant contribution to the 1-loop diagram for ϵ involves

the exchange of νR2 , while the contribution from the exchange of νR3 is negligible, giving [32,

33]

ϵ =Br(νR1 → HLℓ1)− Br(νR1 → H†
Lℓ

†
1)

=
1

8π

∑
j=2

Im(y†y)2j1
(y†y)11

g

(
M2

j

M2
1

)
=

1

8π

(y11 + y22)
2

y211 + |y12|2
Im(y212)g(x2), (5.3)

where g(x) =
√
x((1− x)−1 +1− (1 + x) ln(1 + 1/x)) and x2 =M2

2 /M
2
1 . ϵ may be written in

terms of the inner product of ℓ̃1 and ℓ̃2,

(ℓ̃1, ℓ̃2) =
(y11 + y22)y12√

(y211 + |y12|2)(y222 + |y12|2)
≡ cosθ2e

iϕ2 , (5.4)
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so that substituting (5.4) into (5.3) and using the definition of y22 gives

ϵ =
y22
8π

cos2 θ2 sin 2ϕ2 g(x2) . (5.5)

Here θ2 is the angle between the two vectors for ℓ̃1 and ℓ̃2 in flavor space. If they are

orthogonal there is no flavor mixing between these two generations in the neutrino sector,

and CP violation vanishes.

In the case of degeneracy, M2 −M1 ≪ M2 +M1, g(x) ≫ 1, and we defer this case to

section 6.2. For M2 of order or much greater than M1, a good approximation is |g(x2)| ≃
(3/2)M1/M2, giving

ϵ ≃ 3

16π
cos2 θ2 sin 2ϕ2

mss
2 M1

v2
(5.6)

where mss
2 = y22v

2/M2 is the seesaw mass generated by the exchange of νR2 . Requiring that

ϵ is large enough to give the observed baryon asymmetry, YB ≃ 10−10, and that the seesaw

mass from νR2 exchange is bounded, mss
2 < mss ∗

2 , leads to a lower bound on M1

M1>∼
6× 108 GeV

ηA2

(
0.05eV

mss ∗
2

)
, with A2 = cos2 θ2 sin 2ϕ2. (5.7)

The bound becomes stronger as η, cos2 θ2 or sin 2ϕ2 are taken less than unity.

The contribution to ϵ from νR3 exchange takes the same form as that from νR2 exchange,

so that together they yield

ϵ ≃ 3

16π
(A2m

ss
2 +A3m

ss
3 )

M1

v2
, (5.8)

where mss
3 = y23v

2/M3, A3 = cos2 θ3 sin 2ϕ3 and θ3 is the angle between ℓ̃1 and ℓ̃3. We have

also taken M3 to be of order or much greater than M1.

Taking mss
2,3 ≲ mss ∗

2,3 , the lower bound on M1 becomes

M1 >∼
6× 108 GeV

η(A2 +A3)

(
0.05 eV

mss ∗
2,3

)
> 3× 108 GeV

(
0.05 eV

mss ∗
2,3

)
. (5.9)

Can this bound on the lightest right-handed neutrino be weakened by increasing mss ∗
2,3 above

0.05 eV? The cosmological limit on the sum of the neutrino masses [34] is now so severe that

the three neutrinos cannot be made almost degenerate with masses larger than 0.05 eV. Sig-

nificant weakening requires a fine-tuning to force a cancellation among different contributions

to a light neutrino mass eigenvalue. In this paper we do not allow such tunings and hence

study the consequences of the approximate naturalness bound

M1 >∼ 109 GeV. (5.10)
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This bound on M1 applies in (SM+N) and in all parity symmetric theories where neutrino

masses result from the operators of (4.1). The precise numerical value of the bound depends

on the amount of cancellation or tuning, parameterized by (mss ∗
2.3 /0.05 eV) in Eq. (5.9).

In the ‘strong wash-out’ regime the efficiency η is much less than unity, strengthening this

bound onM1. The bound onM1 in Figs. 4, 5 and ?? are for weak washout with η ≃ 1 in order

to show the most optimistic lower limits on M1 and vR and to demonstrate such limits are

still severe. After the lepton asymmetry is created by νR1 decay, removal of the asymmetry

via νR1 production is small provided mss
1
<∼ 10−3 eV; for larger values of mss

1 , the bound on

M1 is strengthened by approximately (mss
1 /10

−3 eV)1.16 [31]. Recall that (5.9) applies even if

M2,3 ≫M1, in which case washout by νR2,3 production is negligible. Even in the case thatM2

is comparable to M1, and m
ss
2 ≃ 0.05 eV to maximize production of the lepton asymmetry,

strong washout via νR2 production can be avoided by reducing mss
1 well below 10−3 eV so that

νR1 decays at a temperature well below M1 ∼ M2 (but before the universe becomes matter

dominated by νR1). In this case, TRH should satisfy (5.1), as the Yukawa coupling of νR1 is

too small to put it in thermal equilibrium. νR1 can also decay via WR exchange, but we find

that this decay mode is negligible and does not reduce the efficiency of leptogenesis.

We stress that this bound results from thermal leptogenesis without degeneracy among

the νRi ; cases with a non-thermal initial abundance or with degeneracy are discussed in

sections 6.1 and 6.2. This naturalness bound applies even if there are additional contributions

to the light neutrino masses coming directly from dimension-5 operators. This necessarily

occurs in the parity symmetric theories, but is also expected in (SM + N) which, after all,

is just an effective field theory. Finally, we note that in (SM + N) this bound is not the

rigorous Davidson-Ibarra bound [35], derived for M2,3 ≫ M1; rather, for moderate M2,3 it

can be violated if there are unnatural cancellations in the light neutrino mass matrix [10].

A value of M1 of order 109 GeV only results for leptogenesis with weak washout and if

the relevant angles in A2 or A3 are order unity, otherwise the naturalness bound on M1 can

be orders of magnitude more severe.

As an example of the tuning required to avoid (5.10), consider the case with only seesaw

neutrino masses, which is possible in both (SM + N) and theories with parity restoration with

sufficiently high vR. Leptogenesis with weak washout, mss
1
<∼ 10−3 eV, implies that only the

seesaw masses from νR2,3 are relevant for current neutrino mass observations. One neutrino

can be taken as essentially massless and the mass matrix for the two heavy states can be put

in the form

mν =

(
sin2 θmss

2 cos θ sin θmss
2

cos θ sin θmss
2 e2iϕmss

3 + cos2 θmss
2

)
(5.11)

where the angles θ and ϕ specify the orientation between the two vectors for ℓ̃2 and ℓ̃3 in

flavor space and are not determined by leptogenesis. If θ ̸= 0 the mass eigenvalues are not

mss
2,3 because νR2,3 couple to different combinations of light neutrinos. If ϕ = 0, mss

2,3 ≫ 0.05

eV is excluded: a cancellation between them is not possible as they are both positive. On the

other hand for a range of ϕ a cancellation is possible. For example, mss
2,3 ≫ 0.05 eV is possible
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if ϕ = π/2, giving matm ≃ mss
3 −mss

2 and m⊙ ≃ sin2 θ (mss
2,3)

2/matm. Here matm ≃ 0.05 eV

and m⊙ ≃ 0.01 eV describe the mass splittings for atmospheric and solar oscillations. In this

paper we explore the consequences of avoiding such tunings.

5.2 Bound on vR

In parity symmetric models the right-handed neutrinos are massless until SU(2)R is broken,

implying that vR
>∼M+, the mass of the heaviest right-handed neutrino, which could be M2

or M3. Hence, thermal leptogenesis, via (5.10), already implies that vR
>∼ 109 GeV. However,

there is a much stronger bound. Parity invariance of the dimension-5 operators implies a

direct contribution to the light neutrino masses, mdir
i , which is v2L/v

2
R times the masses of

νRi , as shown in Eq. (4.7). In the absence of fine-tuning in the light neutrino mass matrix,

mdir
+
<∼mdir∗

+ so that

vR >
∼ 1012GeV

(
M+

109GeV

) 1
2
(
0.05 eV

mdir∗
+

) 1
2

. (5.12)

Hence, the thermal leptogenesis bound of (5.9) leads to a numerical bound on vR of

vR >
∼ 1012GeV

(
M+

M1

) 1
2
(

1

(A2 +A3)η

) 1
2
(
0.05 eV

mdir∗
+

) 1
2

(
0.05 eV

mss ∗
2,3

) 1
2

. (5.13)

This bound is applicable only when there is no high degeneracy between M1 and M2 or M3.

This case is studied in Sec. 6.2 and is found to weaken the bound by up to three orders of

magnitude.

The lowest values for vR are obtained in weak washout, with η ≃ 1. Washout is negligible,

for example, when mss
1 ∼ 10−3 eV, and M2,3/M1 ≳ 4 so that νR2,3 production is Boltzmann

suppressed at the time of νR1 decay, making νR2,3 back-reactions small. The lowest value of

vR occurs when: M2,3 is comparable to M1; m
ss
2,3 ≃ 0.05 eV to maximize production of the

lepton asymmetry; and strong washout via νR2,3 production is avoided by reducing mss
1 well

below 10−3 eV, so that νR1 decays at a temperature well below M1 ∼ M2 ∼ M3. If washout

is important, the bound on vR becomes stronger than (5.13).

Remarkably, from Fig. 2 we see that the central value of the prediction for vR from the

Higgs Parity mechanism is of order 1012 GeV, although the 3σ range spans several orders

of magnitude. For lower values of the top quark mass the above bound on vR is easily

satisfied. However, larger values are inconsistent with this bound, and would provide a strong

motivation to modify the minimal leptogenesis scheme of the previous sub-section. We stress

that the bound on vR is strengthened as the right-handed neutrinos become more hierarchical

in mass; if future measurements of mt are high, consistency will limit this hierarchy. Thermal

leptogenesis with small angles in A2 or A3, strengthens the bound on vR, but more mildly

than for the bound on M1. The bounds of (5.9) and (5.13) are both weakened linearly if the

relevant m∗ are taken larger than 0.05 eV. For example, if cancellations of a factor of three
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Figure 4. Lower bounds on M1 and vR in minimal theories where parity solves the strong CP

problem and νR1
decay gives successful leptogenesis. Neutrino masses arise from the dimension-5

operators of (4.1) without fine-tuning. The horizontal bound is from requiring the observed baryon

asymmetry to arise from thermal leptogenesis without degeneracy of νR. The sloped bound arises from

limits on direct contributions to light neutrino masses, for three illustrative values of M+/M1. In the

shaded blue and orange regions, fine-tuning between contributions to the neutrino masses increases

with distance from the natural unshaded region. At values of vR larger than 1014 GeV the strong CP

problem re-emerges from (2.7), as illustrated by the gray shading and the top axis. The region above

the dashed line for M1 = vR is unphysical in the EFT of (4.1).

occur between differing contributions to a light neutrino mass eigenvalue, then m∗ = 0.15 eV

and the lower limits on M1 and vR are both lowered by a factor of 3.

The bounds of (5.9) on M1 and (5.12) on vR are shown in Fig. 4 in the (vR,M1) plane.

As vR is increased above about 1014 GeV, the strong CP problem re-emerges. Hence, in the

unshaded region, which successfully accounts for both neutrino masses and the cosmological

baryon asymmetry, there is a good possibility that the operator of (2.7) will give a positive

signal for the neutron electron dipole moment in current experiments, providing the coefficient

C is not small, C > 0.01. The unshaded region overlaps the region of vR predicted by Higgs

Parity, illustrated by the vertical dashed lines showing the range of vR allowed by the current

1σ uncertainty in mt. As uncertainties on mt and αs are reduced, it will be interesting to

discover whether consistency between Higgs Parity and thermal leptogenesis is maintained.

In the ‘strong wash-out’ regime, the bound (5.13) on vR strengthens, as it is proportional

to 1/
√
η ≃ (mss

1 /0.5× 10−3eV)0.58 [31], enlarging the blue region of Fig. 4. For example, for
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mss
1 = 0.003 eV this is about a factor 3. Entering the strong washout regime removes the

bound (5.1) on TR for thermal leptogenesis – it is only necessary that TR
>∼M1. This opens

up more parameter space for the theory of reheating after inflation, which should now satisfy

vR > Tmax > TR > M1.

The lower bound (5.13) on vR follows directly from the equal magnitudes of the ℓiℓjH
2
L

and ℓ̄iℓ̄jH
2
R couplings of (4.1). In conventional LR models, electroweak symmetry is broken

by bi-doublets, Φ, and triplets, ∆L,R. The ν̄ν̄ mass term arises from the vev of ∆R, and

there is a type-II seesaw νν contribution from ∆L exchange. If the mass of ∆L, M∆L
, is of

order vR, the ratio of these two mass terms is proportional to v2L/v
2
R. However, it is also

proportional to λLR, the quartic coupling for the Φ†Φ∆L∆R operator [30]

r =

(
type II seesaw νν mass

ν̄ν̄ mass

)
= λLR

v2L
M2

∆L

. (5.14)

If λLR ∼ 1, the order of magnitude of the bound survives; but if λLR ≪ 1, the bound is

considerably weakened by a factor of
√
r. The bound would be strengthened for m ≪ vR,

but this requires fine-tuning.

5.3 The νR Spectrum

In this paper we define νR1 to be the right-handed neutrino whose decays yield leptogenesis.

In the previous sections, for convenience, we also took νR1 to be the lightest right-handed

neutrino, but this is unnecessary. For example, we can take leptogenesis to arise from virtual

νR2 exchange in νR1 decays, with M2 ≥M1, and take M3 much larger or much smaller than

M1 as long as it does not upset the leptogenesis mechanism. This requires that νR3 is much

lighter and decays while relativistic, or decays soon after it becomes non-relativistic; in either

scenario it will not washout the lepton asymmetry previously created by νR1 decay. However,

if νR3 comes to dominate the energy density of the universe, then its decays will dilute the

lepton asymmetry, and we do not allow this case. It is even possible that νR3 is in the (∼2-

100) keV mass range and is sufficiently stable to be dark matter [11]. Finally, even if WR

exchange led to an initial thermal abundance of right-handed neutrinos, it it still possible

that νR1 is sufficiently heavy and long-lived to come to dominate the energy density of the

universe before decaying, thereby diluting νR3 to the observed dark matter abundance.

6 Relaxing the Leptogenesis Bound on vR

The lower bound on the scale of parity violation derived in the last section from thermal

leptogenesis, vR > 1012 GeV, can be weakened by a factor 1/
√
E, when the baryon asymmetry

from leptogenesis is enhanced by a factor E. There are two well-known ways of enhancing

leptogenesis. In the first a cosmological mechanism is introduced to increase the yield of νR1

above thermal. In the second, the lepton asymmetry per νR1 decay is increased by having

degeneracy among the νRi , which can result from an approximate symmetry. In the first

two subsections we study how each of these affects the lower bound on vR in theories with
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parity restoration. In the final subsection, we investigate how the bounds on vR are modified

when the dimension-five operators for neutrino masses arise from a very simple theory, the

Radiative Singlet Model, where seesaw and direct contributions to light neutrino masses

cancel at tree-level.

6.1 Non-Thermal Leptogenesis

In this subsection, we study the possibility that before decaying, the νR1 are not in thermal

equilibrium and have a number density greater than the thermal value. We show that this

case can relax the bound on vR only by about an order of magnitude.

Consider a cosmological era with the energy density of the universe dominated by νR1 .

At the end of this era, when νR1 decay, we take the νR1 number density to be nD and

their momentum distribution to be peaked around pD, corresponding to a typical energy

ED =
√
M2

1 + p2D. If the decay rate of νR1 at rest is Γ1, the Hubble parameter at decay is

HD ≃ Γ1
M1

ED
. (6.1)

The decay products, ℓ,HL and their anti-particles, reheat the universe via gauge interactions

to a temperature TRH , given by

π2

30
g∗T

4
RH ≃ ρD ≃ nDED. (6.2)

At the same time, the νR1 decays produce a lepton number density ϵnD which, in the resulting

thermal bath, becomes a baryon yield

YB,non−therm =
28

79
ϵη

(
3

4

TRH

ED

)
. (Non-Thermal Leptogenesis) (6.3)

Comparing with the result (5.2) for thermal leptogenesis, there is an enhancement factor

F ≡ YB,non−therm(η)

YB,therm(η = 1)
≃ 200

TRH

ED
η, (6.4)

for equal values of ϵ. This ratio can exceed unity, and hence non-thermal leptogenesis can

produce the observed baryon asymmetry with a smaller ϵ and therefore a smaller M1 than in

the thermal case. However, the size of this ratio and its dependence on ED is limited by the

Pauli exclusion principle and by washout.

The Pauli exclusion principle limits the number density of νR1 at decay: nD ≲ p3D/π
2.

Using this in (6.2) gives

TRH

ED
≲

1

π

(
pD
ED

)3/4

. (6.5)

Thus the enhancement factor, F , is below unity in the non-relativistic region when pD <

M1/250, rises as pD is increased, but is no more than ∼ 60 in the relativistic regime.
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After reheat there is the possibility that scattering of the leptons ℓ via the Yukawa

coupling to νR1 will washout the lepton asymmetry. When pD ≲M1, (6.5) gives TRH < M1,

giving the weak washout condition

Γwashout ≃ Γ1
TRH

M1
e−(M1/TRH) ≲ HD ≃ Γ1

M1

ED
. (6.6)

which is satisfied for all pD ≲ M1. As pD approaches the relativistic region, F rises to near

60. In the relativistic region, with TRH > M1, the weak washout condition is the same as for

thermal leptogenesis, mss
1
<∼ 10−3 eV. However, such high values for TRH require a rapid decay

rate for νR1 , and are inconsistent with this weak washout condition. Therefore, for relativistic

νR1 decays the enhancement factor is F ≃ 60η with η ≃ O(10)(M1/ED)
3.5. Hence, by the

same logic as Sec. 5.2, in non-thermal leptogenesis with pD ∼ M1, the limit on vR can be

weakened by
√
F compared to thermal leptogenesis to

vR >
∼ 1011GeV. (6.7)

When the bound is saturated, the reheat temperature is around 106 GeV.

Leptogenesis with nearly degenerate right-handed neutrinos can indeed be achieved when

the inflaton, ϕ, decays dominantly by ϕ → νR1νR1 . If the inflaton number density is suffi-

ciently high when Hubble is of order the inflaton decay rate, Γϕ, the decays are Pauli-blocked.

This can be seen by noting the inflaton energy density ρϕ = mϕnϕ = 3H2/8πG, so that the

the faster the ϕ decay rate is (occurring at Γϕ ≃ H), the greater the inflaton number density,

nϕ, is. If Γϕ ≃ H ≫ m2
ϕ/4πMPl, the inflaton number density at decay is nϕ ≫ m3

ϕ, which

would generate a number density of νR1 much greater than the Pauli degenerate limit of

nPD ≃ (mϕ/2)
3/π2. This is forbidden and so ϕ decays must occur over a long period until

nϕ drops below nPD. During this period, ϕ produces a nearly degenerate Fermi gas of νR1

which are continually red-shifted by the expansion of the universe. The phase space of the

νR1 is filled until the last inflatons to decay populate states near the Fermi surface, which

dominate the energy density of the distribution. The non-thermal but relativistic νR1 then

redshift with the expansion until decaying. Achieving the largest possible enhancement factor

over thermal leptogenesis, F ≃ 60, requires that νR1 be at least semi-relativistic and in the

weak washout regime. With an initial momentum of mϕ/2 there can therefore be no more

than a factor of (mϕ/2)/(M1) in the redshift between νR1 production from the inflaton and

νR1 decay. This maximum possible redshift implies the minimum energy density of νR1 at

decay is ρD ≳ mϕnPD(2M1/mϕ)
4 ≈M4

1 /π
2. Equivalently, the νR1 decay rate must be

Γ1 ≈
M2

1

MPl
. (6.8)

for the lowest limit on vR to be achieved, Eq. (6.7). See [36, 37] for leptogenesis from the

inflaton decay with a more generic parameter space.
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6.2 Degenerate Right-Handed Neutrinos

In this subsection, we show how increasing the lepton asymmetry per decay, ϵ, via degenerate

right-handed neutrinos can relax the natural lower bound on vR by three orders of magnitude

to 109 GeV.

Consider the case where at least two right-handed neutrinos are so degenerate that their

mass difference ∆M , is much smaller than their mass,M1 ≃M2 ≃M . The lepton asymmetry

generated by the decay of νR1 is then enhanced by the large g(x) factor in Eq. (5.5), which

takes the form of ∣∣∣∣g(M2
2

M2
1

)∣∣∣∣ ≃ 1

2

M

|∆M | ≫ 1 (6.9)

for M1 ≃M2 ≃M . 3

Such a degeneracy between M1 and M2 can arise, for example, if there exists a discrete

symmetry in the lepton number violating operator of (4.1)

ℓ1 ↔ ℓ2 ℓ1 ↔ −ℓ1 , (6.10)

and similarly on the l̄ fields to maintain parity, so that cij is diagonal with c11 = c22 giving

M1 = M2 = |c11|2v2R/2M [11]. This symmetry cannot be imposed on the lepton number

conserving operator of (4.1) since if bij is also diagonal there is no flavor violation for lepto-

genesis. Similarly, it cannot be imposed on the operators generating charged lepton masses,

as there is no degeneracy in the charged lepton spectrum. In the underlying theory of lepton

flavor, there must be different patterns of symmetry breaking in the lepton number preserving

and lepton number violating sectors.

How small can ∆M/M be? In Appendix A, we demonstrate that the charged fermion

Yukawa operators necessarily generate a wavefunction renormalization for νR1,2 and hence

a mass splitting ∆M that is at least of order y2τ/8π ∼ 10−6. Eq. (6.9) implies then that

g(x)max ≃ 5 × 105 is the largest natural value in any LR theory. The naturalness bound of

(5.9) is greatly weakened and becomes

M1 >∼
2× 103 GeV

A2

(
5× 105

g(x)max

)(
0.05 eV

mss ∗
2

)
(6.11)

for weak washout.4 The horizontal orange lines in Fig. 5 show the limit on M1 for several

values of the degeneracy ∆M/M . Note that, since νR1 and νR2 are degenerate, for TRH ∼M1

a value of mss
1,2 as large as 0.05 eV will lead to strong washout, strengthening the bound on

M1 by a factor of 50. However, strong washout can be avoided by taking TRH somewhat less

than M1 so that washout through νR2 production is exponentially suppressed.

3Eq. (6.9) breaks down when νR1 and νR2 are so degenerate that |∆M | ≲ Γ2, where Γ2 is the decay rate

of νR2 . If this occurs, g(x) is not as enhanced as (6.9) and thus the lower limit on vR is greater than 109 GeV.
4This result follows from the lepton asymmetry produced by νR1 decay; a comparable lepton asymmetry

from νR2 decay could weaken the bound by up to a factor of 2.
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Figure 5. Lower bounds on M1 and vR in theories of parity restoration, with minimal scalars and no

fine-tuning in neutrino masses. The horizontal bound is from requiring the observed baryon asymmetry

to arise from thermal leptogenesis; it is shown for several values of the degree of degeneracy ∆M/M

between the decaying and virtual νR. The case without degeneracy, ∆M/M ≈ 1, gives the bound

of Fig. 4. As ∆M/M is decreased to its smallest natural value of 10−6, the bound on M1 decreases

linearly. As indicated by the gray shaded region, the strong CP problem re-emerges at values of vR
larger than 1014 GeV, as discussed around 2.7.

The blue curve of Fig 5 shows the lower bound on vR from the direct contribution to the

light neutrino mass as a function ofM1; it is (5.12) withMi replaced byM1. The reduction in

the lower bound on M1 from leptogenesis by a factor of order 106, decreases the naturalness

bound of (5.13) on vR by 103 to

vR >
∼

109GeV

(A2)1/2

(
5× 105

g(x)max

M+

M1

0.05 eV

mdir∗
+

) 1
2
(
0.05 eV

mss
2

) 1
2

(6.12)

for weak washout. Taking M+ =M3 ∼M1, this bound corresponds to the intersection of the

blue line with the orange lines in Fig 5.

It is interesting to note that for such highly degenerate νR1,2 the direct contributions to

the light neutrino masses become equal, mdir
1,2 = (v2L/v

2
R)M1,2.

5

5When νR2 and νR3 are nearly degenerate, it is possible to weaken the bound on M1 by a factor of 2 and

the bound on vR by a factor of
√
2 if the following two conditions are met: 1) y2

1 ≃ y2
2 , 2) Their CP phases

are opposite, ϕ1 = −ϕ2, so as to cancel the negative sign picked up by g(M2
2 /M

2
1 ) ≃ −g(M2

1 /M
2
2 ).
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In the Mirror theory, a large degeneracy allows for the possibility that the reheating

temperature required for leptogenesis can be far below the mass of the lightest mirror quark

TRH ≃M1 ≪ mu′ ≃ 10−5vR. (6.13)

In this case, there may be negligible production of u′ after inflation, allowing u′ to be sta-

ble and still below terrestrial bounds on fractionally charged particles [15]. This allows an

additional U(1) in the theory so that the Mirror theory can have electroweak gauge group

SU(2)L × U(1)Y × SU(2)R × U(1)′Y ′ as in [20, 21].

6.3 Radiative Singlet Model

In our parity symmetric theory, neutrino masses are described by the dimension-5 operators

of (4.1), in both LR and Mirror versions. The physics of neutrino masses and leptogenesis

depends on two independent flavor matrices, b and c. Significant cancellations between dif-

ferent contributions to the light neutrino mass matrix can only arise from fine-tuning the

parameters of these matrices, leading to the naturalness bounds discussed so far in this pa-

per. However, cancellations between seesaw and direct contributions to neutrino masses occur

naturally in one of the simplest UV completions of this EFT [22], which we call the Radiative

Singlet Model. In this theory the b and c matrices are correlated, resulting in all three active

neutrino masses vanishing at tree-level. In this section, we study whether such cancellations

lead to a relaxation of the naturalness bound on vR, finding that we can increase the the

asymmetry per decay parameter ϵ, but only if leptogenesis occurs in the strong washout

regime. The reduction in efficiency from strong washout roughly cancels the enhancement in

the asymmetry per decay so that vR is again difficult to drop below ∼ 1012 GeV.

Consider a theory for neutrino masses with three gauge-singlet Weyl fermions Si, that

are parity even, Si ↔ S†
i , coupled to leptons via the interactions

L(Si) = Si (x
∗
ij ℓjHL + xij ℓ̄jHR) +

1

2
MSi SiSi + h.c. (6.14)

with MSi real. We take

MSi ≫ |xij | vR, all i, j (6.15)

so that integrating out Si leads to the dimension-5 operators of (4.1).

To see that the active neutrinos are massless at tree level, introduce a hatted basis so

that the Yukawa interactions of Si can be written as

Lxi = x̂i Si (ℓ̂iHL + ˆ̄ℓiHR) + h.c., ℓ̂i = xij ℓj/x̂i, x̂2i ≡
∑
j

|xij |2. (6.16)

Note that the ℓ̂i are not orthogonal. The EFT below MSi is

LEFT (Si) =
1

2

∑
i

x2i
MSi

(ℓ̂iHL + ˆ̄ℓiHR)
2 + h.c.. (6.17)
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The light neutrinos are massless at tree level because each Si couples to only one combi-

nation of right-handed neutrinos and neutrinos, vR ν̂Ri + v ν̂i, leaving the three orthogonal

combinations massless. For example, in a 1-generation version of the theory the right-handed

neutrino mass is M = x2v2R/MS and the neutrino Yukawa coupling is y = x2vR/MS , giving

the correlation y =M/vR. The direct and seesaw neutrino masses, defined in 4.6, are equal

mdir
ν = mss

ν =
y2v2

M
=
x2v2

MS
. (6.18)

so that the light active neutrino is massless at tree-level.

To study leptogenesis in the 3-generation theory, we abandon the hatted basis in favor

of a mass basis for the right-handed neutrinos. Since the Si are integrated out, we find it

convenient to first go to a non-canonical basis by rescaling Si → Si
√
MS/MSi , where MS is

any convenient mass scale, so that the S mass matrix is proportional to the unit matrix. In

this basis the dimension-5 operators of the EFT are

Lν = − 1

2MS

(
ℓi (x

Tx)∗ij ℓj HLHL + ℓ̄i (x
Tx)ij ℓ̄j HRHR

)
+

1

MS
ℓi (x

†x)ij ℓ̄j HLHR + h.c..

(6.19)

Comparing with (4.1), the previously independent coupling matrices b and c are now corre-

lated, with b = x†x, c = xTx and M = MS . Thus the right-handed neutrino mass matrix

and the Yukawa coupling matrix are also correlated

M = xTx
v2R
MS

, y = x†x
vR
MS

. (6.20)

Neutrino masses and leptogenesis thus depend on a single flavor matrix x. It is a general

complex matrix that can be made diagonal by a bi-unitary transformation x = UxDV where

xD is diagonal with entries x1 ≤ x2 ≤ x3. The unitary matrix V can be eliminated by

a transformation on the lepton doublets. Moreover, the unitary matrix U contains three

rotation angles and three phases, since three other phases can also be removed by transforming

lepton doublet fields. A convenient form for the resulting x matrix is

x = ReiA xD, Aij = ϵijkβk , (6.21)

where the matrix A is real and anti-symmetric and R is a real rotation matrix, RT = R−1.

This parameterization is a mass basis for ν̄, with

Mij = δij Mi, Mi = x2i
v2R
MS

; yij = xi(e
2iA)ijxj

vR
MS

. (6.22)

Remarkably, the three rotation angles of the R matrix do not appear in either Mij or yij and

hence do not affect neutrino physics.

The direct and seesaw masses for the active neutrinos at tree-level are also diagonal in

this basis

mdir,ss
ν ij = δij x

2
i

v2

MS
. (6.23)
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Since the active neutrino mass matrix is the difference between the direct and seesaw masses,

(4.4), the light active neutrinos are massless at tree-level. However, this cancellation is upset

by 1-loop electroweak radiative corrections. For the case that MSi ≫ vR ≫ Mi, the masses

of the light neutrinos at leading logarithm are [38]

mνi = δi x
2
i

v2

MS
= δi Mi

v2

v2R
, δi =

3g22
16π2

(
2 ln

MSi

vR
+ ln

vR
Mi

)
≈ 0.006 ln

M2
Si

vRMi
, (6.24)

where we take A = 0 for simplicity. Non-zero A introduces O(1) corrections. The two logs

correspond to running in the EFTs above and below vR. Since the generation dependence of

the loop factor δi is only logarithmically dependent on generation, the ratio of active neutrino

masses is close to the ratio of right-handed neutrino masses, mνi/mνj ∼Mi/Mj .

To avoid tuned cancellations between terms in the matrix product xTx for the right-

handed neutrino masses, the “phases”, βi, of the antisymmetric matrix A of (6.21) should

not be taken larger than unity. If βi ≪ 1, the lepton asymmetry generated per νR1 decay,

ϵ, occurs first at order β1β2β3 and is suppressed. Hence, we estimate naturalness bounds on

M1 and vR by studying the case of βi = O(1), which gives

yij ≃ xixj
vR
MS

eiϕij , ϕii = 0; ϕij = O(1), i ̸= j (6.25)

and a lepton asymmetry per νR1 decay of

ϵ ≃ 1

8π
x21x

2
3

v2R
M2

S

≃ 1

8π

mν3M1

δ3v2
, (6.26)

where ν3 is the heaviest of the three light neutrinos. The result for ϵ is dominated by the

virtual exchange of νR2 and should be compared with (5.8): ϵ is enhanced in the singlet model

by a factor 1/δ3. As neutrino masses occur at 1-loop level, the Yukawa couplings required to

generate the observed neutrino masses are larger than usual, enhancing ϵ. However, larger

Yukawa couplings are a concern as they enhance the washout rate of the lepton asymmetry

after production, and we now turn to this.

In theories where the dimension-5 operators generating the matrices M and y are inde-

pendent, it is always possible to avoid strong washout by imposing a small contribution to

the neutrino mass matrix from the seesaw exchange of νR1 : m
ss
ν1
<∼ 10−3 eV. However, when

M and y matrices are correlated as in (6.20), and the β parameters are of order unity, the

condition for weak washout becomes mν3/δ3
<∼ 10−3eV. Since mν3 ≃ 0.05 eV, leptogenesis

is firmly in the strong washout regime, with efficiency parameter (see (5.2))

η ≃ 10−2δ1.163 . (6.27)

Using (6.26) and (6.27) in (5.2), leads to a lower bound on the mass of νR1 that is insensitive

to δ3

M1>∼
1011 GeV

δ0.163

. (6.28)
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Using this result in (6.24), the bound on vR depends on the mass of the lightest active neutrino

vR>∼ 1.7× 1013 GeV
δ0.51

δ0.083

(
0.01 eV

mν1

)0.5

. (6.29)

In (6.28) and (6.29) the equality sign holds if βi ≃ 1. Therefore, in the Radiative Singlet

Model, the lower bound on vR is stronger than the naturalness limit from thermal leptogenesis

with generic dimension-5 operators (5.12). Furthermore, vR becomes larger as ν1 is made

lighter.6

Could degeneracy among the right-handed neutrinos play a role in increasing ϵ and loos-

ening the bound of (6.29) on vR? Since δi is only logarithmically dependent on generation,

degeneracy among νR leads, via (6.24), to degeneracy among the active neutrinos. Since we

require

m2
ν2 −m2

ν1 = 7× 10−5 eV2, m2
ν3 −m2

ν2 = 2.4× 10−3 eV2, (6.30)

increasing the degeneracy of ν1 and ν2 requires increasing mν1,2 , which is limited by the

cosmological constraint on the sum of the neutrino masses,

mν1 +mν2 +mν3 ≤ 0.12 eV. (6.31)

This leads to a limit on the degeneracy and therefore a limit on the degeneracy factor g(x)

relevant for leptogenesis in Eq. (5.5) of g(x) ≃ mν1/2(mν2 − mν1) ≲ 13. This relaxes

the constraint (6.28) on M1 by a factor 13 and the constraint (6.29) on vR by a factor√
13. Furthermore, there is no symmetry in the Radiative Singlet Model that guarantees this

degeneracy, so any weakening of (6.28) and (6.29) is accidental. Thus the Radiative Singlet

Model is unable to weaken the bound on vR that results from the case of general dimension-5

neutrino mass operators.

In the non-thermal leptogenesis scheme of Sec. 6.1, the reheat temperature after decay

of a degenerate gas of νR1 is below M1 for pD ≤ M1, as shown in (6.5). This can lead to

weak washout, even if the typical νR1 momentum at decay, pD, is close to M1, so that the

enhancement factor of (6.4) approaches 60. In addition, ϵ of (6.26) is enhanced by 1/δ3,

so that the lepton asymmetry is enhanced by a factor as large as 60/δ3 relative to thermal

leptogenesis. For δ3 ∼ 0.1, the bound of (6.29) on vR is then loosened to about 4× 1010 GeV.

While this approaches the lowest bound on vR with νR degeneracy, of (6.12), it requires a

particular setup for reheating after inflation, and a particular νR1 decay rate.

7 Domain Wall Leptogenesis

Domain walls offer another mechanism to produce right-handed neutrinos non-thermally,

which can potentially enhance Y1 above the thermal value and relax the naturalness bound

6In the case that βi ≃ 1, (6.28) and (6.29) with equality signs become order of magnitude predictions for

M1 and vR. Leptogenesis and the three light neutrino mass eigenvalues can then be used to determine vR and

xi. For example, with δi = 0.1, neutrino masses of mνi ≃ (0.005, 0.01, 0.05) eV give xi ≃ 0.14, 0.2, 0.45, and

vR ≃ 1013 GeV, where the arbitrary scale MS appearing in (6.19) - (6.26) has been set equal to vR.
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on vR. In this section we show that non-thermal leptogenesis produced by the production of

νR1 from the decay of domain walls requires vR ≳ 2 × 1012 GeV and thus cannot beat the

naturalness bound of vR ≳ 1012GeV (5.12).

Domain walls are interesting to LR models since they are naturally inherent to the theory;

the breaking of the discrete symmetry associated with the LR symmetry generates domain

walls at the scale vR [39–41]. Oftentimes, the default assumption is that the reheat tempera-

ture of the universe after inflation is below the scale vR so that the domain walls are effectively

diluted away and can never come to dominate the universe - a generic problem of domain

walls known as the ‘domain wall problem’. Nevertheless, this assumption need not be true

and it is possible that the reheat temperature after inflation was above the scale vR so that

domain walls formed in our early universe after inflation. Compatibility with our present-day

universe then requires that the walls decay before dominating the universe7, which can result

from a small parity breaking term in the theory or, depending on the GUT completion, from

becoming attached to cosmic strings, causing the wall-bounded string system to decay via

gravitational waves [40, 44, 45].

We now proceed with a few simple arguments to show that leptogenesis via non-thermal

νR production from domain wall annihilation does not allow values of vR below 1012 GeV,

the lower bound from thermal leptogenesis.

Without loss of generality, let νR1 be the right-handed neutrino whose decays are respon-

sible for leptogenesis. The non-thermal yield of νR1 from wall annihilation can be written

as

YνR1
= F ρDW(tΓ)

M1s(tΓ)
(7.1)

where ρDW(tΓ) is the energy density of walls at the wall annihilation time, tΓ, s(tΓ) is the

entropy density at tΓ. The efficiency factor η ≤ 1 parameterizes how effectively the wall

energy is transmitted to right-handed neutrinos; it is at most unity when all the energy

density of the walls is transmuted to non-relativistic νR1 . In general, F is the fraction of h

that end up decaying to νR1 . As discussed in Appendix B, F depends on the product of the

branching ratio of h → νR1 l1 and the fraction of decays that occur in the time when h can

kinematically decay into νR1 . We estimate F in Appendix B and find it to be much less than

10−3 for vR < 1012 GeV. The left panel of Fig. 6 shows the dependence of F on M1/vR for a

variety of vR.

The baryon yield eventually generated by the νR1 originating from domain walls is

YB =
28

79
YνR1

ϵ1 ≤
28

79
YνR1

ϵMax , (7.2)

where ϵMax ≈ 3
16πM1∆mν/v

2
L is the maximum asymmetry per decay [33, 35, 46] when the

right-handed neutrinos are not highly degenerate [10]. Inserting (7.1) into (7.2) implies the

7Domain walls experience repulsive gravitational accelerations of order Gσ [42, 43]. This repulsive pressure,

∼ Gσ2 always dominates over any vacuum pressure difference on the walls if the vacuum pressure is weak

enough to allow the walls to dominate the energy density of the universe in the first place.
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Figure 6. Domain Wall Leptogenesis. Left: Efficiency parameter F (fraction of h that decay

to νR1
) as a function of M1/vR. For small M1/vR, F is set by the branching ratio of h → νR1

l1,

corresponding to the first argument of the Min function in Eq. (B.5); the branching ratio increases

linearly with M1 and hence F rises linearly. For larger M1/vR, F is set by the fraction of decays that

occur when h can kinematically decay to νR1
, which occurs at times much earlier than the lifetime of

h, corresponding to the second argument of the Min function in Eq. (B.5); the kinematically allowed

fraction of decays decreases linearly with M1 and hence F decreases linearly. Right: Domain wall

leptogenesis can generate the observed baryon asymmetry, using the efficiency F of the left panel, in

the unshaded region of the M1 − vR plane, requiring vR ≳ 1012 GeV.

maximum baryon asymmetry is independent of the right-handed neutrino mass, M1, such

that

YB ≲ F 0.05

g∗s

∆mν

v2L

ρDW(tΓ)

T 3
Γ

. (7.3)

The value for ρDW/TΓ
3 depends on the cosmological state of the walls at decay,

ρDW(tΓ)

T 3
Γ

≈ vR ×



(
vR
MPl

) 1
3

λ
1
2 (Wall formation, Kibble-Zurek)(

vR
MPl

) 1
2

(2Cβλ
1
2 )

1
2 (Friction Regime)(

vR
MPl

) 1
2

(8C3λ
1
2 )

1
2

(
t

tdom

) 1
2

(Scaling Regime)

(7.4)

Above, we have written the wall tension as σ = λ1/2v3R, where λ is the Higgs quartic coupling.

The variable β parameterizes the number of particles scattering with the wall and is always

above unity due to the interactions of the wall scalar field with the thermal bath. Last,

C2 = 8π3g∗/90 and tdom ≡M2
Pl/σ is the time at which the walls dominate the density of the

universe.
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We see that Eq. (7.4) is maximized when the walls decay soon after formation due to the

enhanced Kibble-Zurek initial abundance. However, even with this maximum possible YB,

there remains a strong lower bound on vR in order to achieve a sufficient baryon asymmetry;

namely, to match the observed baryon abundance, Y
(obs)
B ≃ 8 × 10−11, vR must be greater

than ∼ 6×1010 GeV assuming an unrealistic maximal efficiency F = 1. In reality, F decreases

dramatically for lower vR since the efficiency is maximized when the mass of νR1 matches that

of decaying Higgs field so it as non-relativistic as possible. Consequently, when incorporating

the reduced efficiency of YνR1
as shown in the left panel of Fig. 6, the lower limit on vR

increases to ∼ 2 × 1012 GeV, as shown by the solid blue region in the right panel of Fig. 6.

This lower limit for vR is comparable to the naturalness limit from thermal leptogenesis.

8 Summary

In theories where the electroweak sector includes SU(2)L × SU(2)R with minimal Higgs

doublets HL(2, 1) and HR(1, 2), an approximate parity symmetry can solve the strong CP

problem over a wide range of ⟨HR⟩ = vR. When parity is exact, spontaneous parity breaking

occurs via the radiative Higgs Parity mechanism, and the observed values of mt and αs

require vR > 109GeV. Neutrino masses, in both LR and Mirror versions of the theory, arise

from an effective theory with dimension-5 operators restricted by parity. This correlates the

light neutrino masses with the right-handed neutrino masses and neutrino Yukawa couplings.

Requiring that the lightness of the observed neutrinos does not involve fine-tuning, we have

shown that thermal leptogenesis requires vR
>∼ 1012 GeV, provided there is no degeneracy

among the right-handed neutrinos.8

This bound on vR leads to an indirect probe of leptogenesis in this theory. The large

values of vR required for leptogenesis are consistent with the observed Higgs mass only for low

values of mt and/or high values of αs, as shown in the right panel of Figure 2. More accurate

determinations of mt and αs will greatly reduce the uncertainties in the prediction for vR,

as shown in Fig. 3 for the LR model and Fig. 12 for the Mirror model. If vR is determined

to be below 1012 GeV, thermal leptogenesis would be generically excluded. On the other

hand, a determination of vR above 1012 GeV would lend support to thermal leptogenesis.

Furthermore, a neutron electric dipole moment becomes more likely as vR increases, generated

by the operator of (2.7). Over the coming decade, or beyond, a determination of a large value

for vR and a discovery of an electric dipole moment of the neutron would together provide

significant indirect evidence that the cosmological baryon asymmetry was created via thermal

leptogenesis in this theory.

The LR theory may be embedded into SO(10) unified theories [22]. The preferred vR
and unification scale from precise gauge coupling unification depend on the mass spectrum

of heavy gauge bosons which is determined by the representations of the SO(10)-breaking

8The theory does have fine-tuning in the SM Higgs boson mass. However, the electroweak hierarchy may

originate from some mechanism that is not available in the neutrino sector; for example, environmental selection

in a multiverse.
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Higgses. If SO(10) is broken only by a 45 Higgs, precise gauge coupling unification prefers

vR and the unification scale to be around 1011 GeV and 1017 GeV, respectively. If a 54 Higgs

also obtains a vev, which helps stabilize the desired vacuum [47], the preferred vR increases to

1012−13 GeV and is consistent with the requirement from successful leptogenesis. At the same

time, the preferred unification scale decreases so that future observations of proton decay are

more likely.

If future experiments find values of mt and αs such that vR is determined to be less than

1012 GeV, then there are four possibilities for retaining successful leptogenesis:

• Adding extra scalars to the theory below vR. A mixed quartic coupling with the SM

Higgs affects the running of the SM quartic coupling, increasing vR. This extra light

scalar increases the fine-tuning of the theory.9

• Adding soft breaking of parity in the potential for HL and HR. This allows a tree-

level vacuum with a large hierarchy of vevs, so that the SM quartic is unconstrained.

However, the soft breaking is large, typically with a scale of order vR, and its origin

requires a complication of the theory.

• Leptogenesis may be non-thermal, for example resulting from the decays of a degenerate

gas of νR1 after inflation. However, this still requires vR > 1011 GeV.

• Degeneracy can be imposed in the right-handed neutrino spectrum. Degeneracy at

the level of 10−6 may naturally result from approximate symmetries and can lead to

reductions in M1 to below 104 GeV and vR to near 109 GeV. This would be consistent

with values of mt(αs) that are 3σ above (below) the current central values.

The first two options significantly weaken the simplicity of the theory; only νR degeneracy

easily allows much lower values of vR.

If parity is softly broken, even by a small amount, parity may break after inflation

producing a domain wall network. We find that leptogenesis during collisions of these domain

walls does not avoid the bound of vR
>∼ 1012 GeV.

The dimension-5 neutrino mass operators can result from the exchange of fermions that

are gauge singlets. This Radiative Singlet Model is particularly simple, and correlates pa-

rameters so that the direct and seesaw contributions to the light neutrino masses cancel.

Neutrino masses are radiative, and hence require larger Yukawa couplings. While this en-

hances the creation of the lepton asymmetry, it forces thermal leptogenesis into the strong

washout domain; the latter dominates, so that the natural bound on vR is strengthened. In

this model, the prospect for discovery of a neutron electric dipole moment is excellent. In

the special case that the Radiative Singlet Model yields a lepton asymmetry via non-thermal

leptogenesis, strong washout can be avoided. The bound on vR in the third bullet above can

then be weakened to vR > 4× 1010 GeV.

9We note that the Higgs Parity theory has the same amount of fine-tuning in the Higgs potential as in the

SM. While it does not address the hierarchy problem, it does not make it worse.
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Figure 7. Lower bounds on vR (horizontal axis) and M1 (vertical axis) from thermal leptogenesis in

theories with exact parity and minimal Higgs scalars, as a function of the degeneracy ∆M/M of the

right-handed neutrinos involved in leptogenesis. In the left of the figure, in the region where there

is a degree of degeneracy between νR1 and νR2 , we take M3 ∼ M1; to the right of the figure, where

M2 ≫ M1, we take M3 ≲ M2. Other choices for M3 give stronger lower bounds on vR. The curve

traces out the intersection of the blue and orange lines in Figs. 4 and 5 in the non-degenerate and

degenerate regime, respectively. The contour is dashed where the high degree of right-handed neutrino

degeneracy can only be obtained by fine-tuning. The dashed vertical lines show the predicted range

for vR for mt = (172.56 ± 0.48) GeV. As vR is increased, the dimension-6 operator of (2.7) gives

a contribution to θ proportional to v2R, as indicated by the top axis. Increasing vR from 1012 GeV

to 1014 GeV, current experiments searching for the neutron electric dipole moment are progressively

more likely to see a signal. Increasing vR above 1014 GeV, the strong CP problem reappears, as show

by the gray shading.

Fig. 7 summarizes our results for thermal leptogenesis in the minimal Higgs Parity theo-

ries that solve the strong CP problem via an exact parity, with neutrino masses arising from

the dimension-5 effective theory of (4.1). The blue curve shows the lowest possible value of

vR and M1 as a function of ∆M/M = (M2 −M1)/M1 which, when small, is a measure of the

degeneracy between the decaying and virtual νR. The orange dots show representative values

of ∆M/M so that degeneracy increases from right to left. The horizontal (diagonal) segment

represents the non-degenerate (degenerate) region and corresponds to the intersection of the

blue and orange lines of Fig. 4 (5), which represent the lowest possible values of vR and M1

for a given ∆M/M .

Fig. 7 demonstrates that the lowest possible vR and M1 require the most degenerate
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νR. However, flavor breaking in the charged leptons limits the natural degeneracy of right-

handed neutrinos to the level of 10−6 as shown by the dashed blue curve, which corresponds

to (vR,M1) below (109GeV, 103GeV). On the other hand, for large vR, the discovery of a

neutron electric dipole moment becomes more likely as it can be generated by the operator of

(2.7). A signal is likely if vR is of order 1012 GeV, the lower bound from leptogenesis without

degeneracy, and is strongly expected for vR above 1013 GeV. As vR increases above 1014 GeV,

the strong CP problem begins to re-emerge, as shown by the gray shading. When parity is

exact, the scale of its spontaneously breaking, vR, can be computed from SM parameters. For

αs(MZ) = 0.1179 and the 1σ range of mt = (172.56±0.48)GeV, the predicted range for vR is

shown by the vertical dotted lines. Of course, including uncertainties in αs and more than 1σ

in mt the allowed range is much wider, but future measurements offer the prospect of a much

more accurate prediction, with important implications for leptogenesis and neutrino masses.
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A Naturalness Limit on νR Degeneracy

In a natural theory, the degeneracy between νR1 and νR2 should be greater than any quantum

corrections that generate a mass difference between them. In LR models, the operators which

generate the masses for the charged leptons also generate unavoidable corrections to M1 and

M2; that is, they break the symmetry that made νR1 and νR2 degenerate. For example, note

that the operators that describe the neutrinos Eq. (4.1), and the charged fermions,

Le,u,d =
cuij
M
qiq̄jHLHR +

cdij
M
qiq̄jH

†
LH

†
R +

ceij
M
li l̄jH

†
LH

†
R + h.c. , (A.1)

are necessarily described by an effective field theory; the dimension-5 operators given in Eq.

(A.1) must be generated by other physics. There are two possible ways to generate such

operators: by integrating out a heavy scalar field or by integrating out a heavy fermion field.

First, consider the case where the charged lepton Yukawas arise from integrating out a

bifundamental scalar in the UV completion

L = −m2
Φ|Φ|2 + (xijΦℓiℓ̄j −AΦ†H†

LH
†
R + h.c.) , (A.2)
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Figure 8. Left: Feynman diagram showing how the charged lepton Yukawa couplings are generated

in a UV completion involving a bifundamental scalar. Right: The same interaction also necessarily

generates a mass splitting for the right-handed neutrinos, limiting the smallest natural degeneracy

between νR’s to be of order ∆M/M ∼ y2τ/8π ∼ 10−6.
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Figure 9. Same as Fig. 8 but when the charged lepton Yukawa couplings are generated by heavy

fermions E, Ē. The naturalness limit on the radiative mass splitting is also ∆M/M ∼ y2τ/8π ∼ 10−6.

as shown in the left panel of Fig. 8. This generates the charged lepton Yukawa coupling

yeij = AxijvR/m
2
Φ. It also also generates non-canonically normalized kinetic terms for the νR,

L =(1 + δZ11) ν̄
†
1σ̄∂ν̄1 + (1 + δZ22) ν̄

†
2σ̄∂ν̄2 +

(
δZ12 ν̄

†
1σ̄∂ν̄2 + h.c.

)
, (A.3)

where δZij ≃ xkix
∗
kj/8π

2, as shown by the diagram on the right panel of Fig. 8. This wave

function renormalization induces a mass splitting of [11]

∆M

M
≃
√
(δZ11 − δZ22)

2 + (δZ12 + δZ∗
12)

2 ≳
y2τ
8π2

≃ 10−6 , (A.4)

where yτ ≃ 10−2 is the τ Yukawa coupling.

A similar constraint occurs if instead the charged lepton Yukawas arise from integrating

out heavy fermions, E, Ē, in the UV completion

L = zeiaℓiĒaH
†
L + (zeia)

∗ℓ̄iEaH
†
R +ME,aEaĒa + h.c., (A.5)

as shown in the left panel of Fig. 9. This generates the charged lepton Yukawa coupling

yeij = zeia(z
e
aj)

∗vR/ME,a if ME,a > zevR or yeij = ze if ME,a < zevR. Again, the same

operators in (A.5) generate non-canonically normalized kinetic terms as in Eq. (A.3) now

with δZij ≃ zeia(zja)
∗/8π2. Wavefunction renormalization thus gives the same limit on ∆M/M

as Eq. (A.4).

Last, even without reference to any UV completion, in the LR effective field theory of Eq.

(A.1), the dimension-5 operators for the charged lepton masses necessarily generate a mass
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Figure 10. In the effective field theory, radiative corrections generate dimension-5 operators for

neutrino masses from the dimension-5 interaction that leads to the charged lepton Yukawa couplings.

splitting for νR,i. This is demonstrated by the diagram of Fig. 10 which generates a wave

function renormalization parametrically similar to that generated in the two aforementioned

UV completions,

|∆M |
M

∼ 1

(16π2)2
y2τ

(
Λ

vR

)2

∼ 5× 10−9

(
Λ

vR

)2

(A.6)

which is roughly one-loop factor smaller than Eq. (A.4), though it can be larger for Λ ≫ vR.

B Efficiency of Domain Wall Leptogenesis

In this section, we elaborate on the production of νR from the annihilation of domain walls

and estimate the efficiency parameter, η, of Eq. (7.1), showing that it is highly suppressed

for vR ≲ 1012 GeV and becomes O(1) only for vR ≫ 1012 GeV. Consequently, domain wall

leptogenesis is not a promising way to lower the naturalness bound on vR below 1012 GeV.

Consider two domain walls immediately before coming into contact and annihilating into

Higgs particles. Sufficiently close to the walls, the surfaces are roughly plane parallel patches

of area A as shown in Fig. 11. The energy in each wall patch is

Ew ≃ γ(vw)σA, γ(vw) =
1√

1− v2w
. (B.1)

The Lorentz factor of the walls is roughly unity since friction between the wall surface and the

background plasma impedes wall motion even with the false vacuum accelerating the walls

together.

After wall annihilation, Higgs particles are produced. We have performed 1D simulations

of planar walls annihilating and find that after a time t, the Higgs field approximately spreads

out uniformly in space out to a distance L ≈ t. The average energy density of the Higgs field

h (the angular excitation between HL and HR as shown in Fig. 11) within a distance L≪ tΓ
from the point of annihilation is then

ρh ≃ Ew

A× L
=
γ(vw)σ

L
≈ λh4. (B.2)
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A

<latexit sha1_base64="VLG3tZCiZVGlgrCQDyStd2yHkFI=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo+oF4+QyCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR3cxvPaHSPJYPZpygH9GB5CFn1FipftMrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+rFdK1dssjjycwCmcgwdXUIV7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AJV1jM0=</latexit>

Wall annihilation to h

<latexit sha1_base64="gHHObWX6XOQL0LTMUpn93M5Isyc=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFclUQquiy6cVnBPqANZTKdtEMnkzBzI5bQnRt/xY0LRdz6C+78GydpFtp6YOBwzr3cOcePBdfgON/W0vLK6tp6aaO8ubW9s2vv7bd0lCjKmjQSker4RDPBJWsCB8E6sWIk9AVr++PrzG/fM6V5JO9gEjMvJEPJA04JGKlvH/WAPUDaJkJgIiUfcZE7GCI8xaO+XXGqTg68SNyCVFCBRt/+6g0imoRMAhVE667rxOClRAGngk3LvUSzmNAxGbKuoZKETHtpnmOKT4wywEGkzJOAc/X3RkpCrSehbyZDAiM972Xif143geDSS7mME2CSzg4FichCZqXgAVeMgpgYQqji5q+YjogiFEx1ZVOCOx95kbTOqm6ten5bq9SvijpK6BAdo1PkogtURzeogZqIokf0jF7Rm/VkvVjv1sdsdMkqdg7QH1ifP+R/mVE=</latexit>

HL

<latexit sha1_base64="JasZawj2QCIDbo7Izz/KWj0f314=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQJoVFRPMByRH2NnPJkr29Y3dPCCE/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2acoB/RgeQhZ9RY6aHWu+sVS27ZnYOsEi8jJchQ7xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3VKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhNe+xMuk9SgZItFYSqIicnsb9LnCpkRY0soU9zeStiQKsqMTadgQ/CWX14lzYuyVylf3ldK1ZssjjycwCmcgwdXUIUa1KEBDAbwDK/w5gjnxXl3PhatOSebOYY/cD5/AO4FjZM=</latexit>

HR

<latexit sha1_base64="XlMICNFmHecwcse0GJcAte50UDo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELxzxwSOBDZkdemHC7OxmZtaEED7BiweN8eoXefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzThBP6IDyUPOqLHSQ6133yuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqaF2WvUr68q5SqN1kceTiBUzgHD66gCjWoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4A9x2NmQ==</latexit>

h

<latexit sha1_base64="o0Em+1LrPCqDYpYwPOqewD9gKuI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0JGM9A==</latexit>

vacuum 1

<latexit sha1_base64="Sv0j5jNQFl0jUK+NCTH0d8MO2O0=">AAAB73icdVDJSgNBEO1xjXGLevTSGARPw8yY6OQW9OIxglkgGUJPpydp0t0z9hIIIT/hxYMiXv0db/6NnUVQ0QcFj/eqqKoXZ4wq7Xkfzsrq2vrGZm4rv72zu7dfODhsqNRITOo4ZalsxUgRRgWpa6oZaWWSIB4z0oyH1zO/OSJS0VTc6XFGIo76giYUI22l1ghhYzj0u4Wi51aCsOSH0HPPy6F/UbLEC8Kg4kHf9eYogiVq3cJ7p5diw4nQmCGl2r6X6WiCpKaYkWm+YxTJEB6iPmlbKhAnKprM753CU6v0YJJKW0LDufp9YoK4UmMe206O9ED99mbiX17b6CSMJlRkRhOBF4sSw6BO4ex52KOSYM3GliAsqb0V4gGSCGsbUd6G8PUp/J80AtcvueXboFi9WsaRA8fgBJwBH1yCKrgBNVAHGDDwAJ7As3PvPDovzuuidcVZzhyBH3DePgETXpAC</latexit>

vacuum 2

<latexit sha1_base64="D5kkjIC0K3JqdQJwNr0qlMNyI3U=">AAAB73icdVDJSgNBEO1xjXGLevTSGARPw8yY6OQW9OIxglkgGUJPpydp0t0z9hIIIT/hxYMiXv0db/6NnUVQ0QcFj/eqqKoXZ4wq7Xkfzsrq2vrGZm4rv72zu7dfODhsqNRITOo4ZalsxUgRRgWpa6oZaWWSIB4z0oyH1zO/OSJS0VTc6XFGIo76giYUI22l1ghhYzgMuoWi51aCsOSH0HPPy6F/UbLEC8Kg4kHf9eYogiVq3cJ7p5diw4nQmCGl2r6X6WiCpKaYkWm+YxTJEB6iPmlbKhAnKprM753CU6v0YJJKW0LDufp9YoK4UmMe206O9ED99mbiX17b6CSMJlRkRhOBF4sSw6BO4ex52KOSYM3GliAsqb0V4gGSCGsbUd6G8PUp/J80AtcvueXboFi9WsaRA8fgBJwBH1yCKrgBNVAHGDDwAJ7As3PvPDovzuuidcVZzhyBH3DePgEU4pAD</latexit>

N
e

<latexit sha1_base64="ezzjP8GwyBJEcoVzniOOMPw8KSU=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04kmq2A9oQ9lsJ+3SzSbsboQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekKleSwfzThBP6IDyUPOqLHSwx32SmW34s5AlomXkzLkqPdKX91+zNIIpWGCat3x3MT4GVWGM4GTYjfVmFA2ogPsWCpphNrPZpdOyKlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhlZ9xmaQGJZsvClNBTEymb5M+V8iMGFtCmeL2VsKGVFFmbDhFG4K3+PIyaVYr3nnl4r5arl3ncRTgGE7gDDy4hBrcQh0awCCEZ3iFN2fkvDjvzse8dcXJZ47gD5zPH2bejUc=</latexit>

ar

<latexit sha1_base64="1d3xw94W/f3h7kGKOtNNtrClTs8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QFW/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+SVq3qXVQv72uV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AJdxjWc=</latexit>

ly

<latexit sha1_base64="Hm4nZGrS6MPC+jiUObzuPh1yDXs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF49V7Ae0oWy2k3bpZhN2N0Io/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHkyXoR3QoecgZNVZ6EFm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYw/ocpwJnBa6qUaE8rGdIhdSyWNUPuT+aVTcmaVAQljZUsaMld/T0xopHUWBbYzomakl72Z+J/XTU147U+4TFKDki0WhakgJiazt8mAK2RGZJZQpri9lbARVZQZG07JhuAtv7xKWrWqd1G9vK9V6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A7LEjXk=</latexit>

De

<latexit sha1_base64="mW2b15ciOb5cNKAxwDQKjwPLCiw=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KklR9FjUg8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHstHM07Qj+hA8pAzaqz0cIu9UtmtuDOQZeLlpAw56r3SV7cfszRCaZigWnc8NzF+RpXhTOCk2E01JpSN6AA7lkoaofaz2aUTcmqVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU145WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07RhuAtvrxMmtWKd165uK+Wa9d5HAU4hhM4Aw8uoQZ3UIcGMAjhGV7hzRk5L8678zFvXXHymSP4A+fzB1esjT0=</latexit>

ge

<latexit sha1_base64="xYP4zKFRoIxDxnYERH++JQFa0AA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MMR+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NIpObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsbTLgCpkRE0soU9zeStiIKsqMDadkQ/CWX14lrVrVu6he3tcq9Zs8jiKcwCmcgwdXUIc7aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AYzbjWA=</latexit>

ne

<latexit sha1_base64="xzxSvP7xcG2wK+XqPi0yxeuF2B0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0ILFfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42v3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjJ7mwy4QmbExBLKFLe3EjaiijJjwynZELzll1dJq1b1LqqX97VK/SaPowgncArn4MEV1OEOGtAEBiE8wyu8OWPnxXl3PhatBSefOYY/cD5/AJd+jWc=</latexit>

ra

<latexit sha1_base64="TM9lHddJNgDWcG+2Wtz6E/jYakw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oGi/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+SVq3qXVQv72uV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AJeCjWc=</latexit>

te

<latexit sha1_base64="ign0XTJNuP72idPNWCSenAlCJ54=">AAAB6XicbVBNS8NAEN3Ur1q/qh69LBbBU0mKoseiF49V7Ae0oWy2k3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVHJo8lrHuBMyAFAqaKFBCJ9HAokBCOxjfzvz2E2gjYvWIkwT8iA2VCAVnaKUHhH654lbdOegq8XJSITka/fJXbxDzNAKFXDJjup6boJ8xjYJLmJZ6qYGE8TEbQtdSxSIwfja/dErPrDKgYaxtKaRz9fdExiJjJlFgOyOGI7PszcT/vG6K4bWfCZWkCIovFoWppBjT2dt0IDRwlBNLGNfC3kr5iGnG0YZTsiF4yy+vklat6l1UL+9rlfpNHkeRnJBTck48ckXq5I40SJNwEpJn8krenLHz4rw7H4vWgpPPHJM/cD5/AKCcjW0=</latexit>

Mi

<latexit sha1_base64="sGJl0WaUjV5nLkjPvRpf6fzGbis=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04kWoYj+gDWWznbRLN5uwuxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqZ+6wmV5rF8NOME/YgOJA85o8ZKD3e8Vyq7FXcGsky8nJQhR71X+ur2Y5ZGKA0TVOuO5ybGz6gynAmcFLupxoSyER1gx1JJI9R+Nrt0Qk6t0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/yMyyQ1KNl8UZgKYmIyfZv0uUJmxNgSyhS3txI2pIoyY8Mp2hC8xZeXSbNa8c4rF/fVcu06j6MAx3ACZ+DBJdTgFurQAAYhPMMrvDkj58V5dz7mrStOPnMEf+B8/gBraY1K</latexit>

ni

<latexit sha1_base64="HEHDomjFRn83iFQpvPjPqrw2Xhg=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0IHm/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfumUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NhlwhcyIiSWUKW5vJWxEFWXGhlOyIXjLL6+SVq3qXVQv72uV+k0eRxFO4BTOwYMrqMMdNKAJDEJ4hld4c8bOi/PufCxaC04+cwx/4Hz+AJ2OjWs=</latexit>

m
a

<latexit sha1_base64="7lin5EV/oe2Q3QSjMGGu1F38UOI=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGRY9BLx6jmAckS5idzCZD5rHMzAphyR948aCIV//Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc9CNwvV/yqPwdaJUFOKpCj0S9/9QaKpIJKSzg2phv4iQ0zrC0jnE5LvdTQBJMxHtKuoxILasJsfukUnTllgGKlXUmL5urviQwLYyYicp0C25FZ9mbif143tfF1mDGZpJZKslgUpxxZhWZvowHTlFg+cQQTzdytiIywxsS6cEouhGD55VXSqlWDi+rlfa1Sv8njKMIJnMI5BHAFdbiDBjSBQAzP8Apv3th78d69j0VrwctnjuEPvM8fj+mNYg==</latexit>

Vacuum configuration in field space

<latexit sha1_base64="6KcM0I/FJK8P7IA1qUBUoNjQjiw=">AAACDHicbVDLSgMxFM34rPVVdekmWARXZaYouiy6cVnBPqAdSiZzpw3NZIY8hDL0A9z4K25cKOLWD3Dn35hOZ6GtBwKHc85Nck+Qcqa06347K6tr6xubpa3y9s7u3n7l4LCtEiMptGjCE9kNiALOBLQ00xy6qQQSBxw6wfhm5nceQCqWiHs9ScGPyVCwiFGirTSoVNuEGhNjmoiIDY3MZcwEjhjwEKuUULApt+bmwMvEK0gVFWgOKl/9MKEmBqEpJ0r1PDfVfkakZpTDtNw3CuzFYzKEnqWCxKD8LF9mik+tEuIokfYIjXP190RGYqUmcWCTMdEjtejNxP+8ntHRlZ8xkRoNgs4figzHOsGzZnDIJFDNJ5YQKpn9K6YjIgnVtr+yLcFbXHmZtOs177x2cVevNq6LOkroGJ2gM+ShS9RAt6iJWoiiR/SMXtGb8+S8OO/Oxzy64hQzR+gPnM8fqw2bXw==</latexit>

h ! ⌫R

<latexit sha1_base64="USDQay/yqZGk7aC0PUdBnfeNWW4=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiSi6LLoxmUV+4AmhMl00gydzISZiRJC/RU3LhRx64e482+ctllo64ELh3Pu5d57wpRRpR3n26qsrK6tb1Q3a1vbO7t79v5BV4lMYtLBggnZD5EijHLS0VQz0k8lQUnISC8cX0/93gORigp+r/OU+AkacRpRjLSRArseQ0/SUayRlOIRejwL7gK74TSdGeAycUvSACXagf3lDQXOEsI1Zkipgeuk2i+Q1BQzMql5mSIpwmM0IgNDOUqI8ovZ8RN4bJQhjIQ0xTWcqb8nCpQolSeh6UyQjtWiNxX/8waZji79gvI004Tj+aIoY1ALOE0CDqkkWLPcEIQlNbdCHCOJsDZ51UwI7uLLy6R72nTPmue3Z43WVRlHFRyCI3ACXHABWuAGtEEHYJCDZ/AK3qwn68V6tz7mrRWrnKmDP7A+fwB+J5Su</latexit>

⌫R  h

<latexit sha1_base64="VjIz8VTimNA+W52dnYWRQzbnCTI=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KIoseiF49V7Ac0IWy2m3bpZhN2N0oJ9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbZVWVtfWN8qbla3tnd09e/+grZJMEtoiCU9kN8SKciZoSzPNaTeVFMchp51wdD31Ow9UKpaIez1OqR/jgWARI1gbKbCrnsiCO+RxGmksZfKIhiiwa07dmQEtE7cgNSjQDOwvr5+QLKZCE46V6rlOqv0cS80Ip5OKlymaYjLCA9ozVOCYKj+fHT9Bx0bpoyiRpoRGM/X3RI5jpcZxaDpjrIdq0ZuK/3m9TEeXfs5EmmkqyHxRlHGkEzRNAvWZpETzsSGYSGZuRWSIJSba5FUxIbiLLy+T9mndPauf357VGldFHGU4hCM4ARcuoAE30IQWEBjDM7zCm/VkvVjv1se8tWQVM1X4A+vzBwALlFs=</latexit>

Figure 11. Left: Visualization of vacuum configuration in field space for HL and HR. Because

the Coleman-Weinberg potential and the Z2-breaking piece are small (see Eq. (C.3)), the potential

is nearly SU(4) symmetric with the the angular excitations h being nearly massless. The curvature

of the Coleman-Weinberg potential generates a small mass for the HL vacuum while the Z2-breaking

piece ensures that this minimum is the absolute minimum of the potential, causing the domain walls

to annihilate. Right: Simplified illustration of leptogenesis from domain wall annihilation. If there

exists a small parity breaking term in the theory, a pressure difference is generated between the walls,

eventually causing them to collide and annihilate. After annihilation, excitations of the angular field h

emanate from the surface of contact of the walls, representing excitation of Higgs quanta. These Higgs

quanta initially have large field values and can thus kinematically decay to νR, potentially generating

a large non-thermal abundance of νR whose own decays eventually generate a lepton asymmetry.

Since the wall tension of the Higgs field is approximately σ ≃
√
λv3R and the Higgs fields

propagates relativistically, the value of the Higgs field a time t ≃ L after annihilation is

h ≈
(

v3R
λ1/2t

)1/4

. (B.3)

We see that at early times after wall annihilation, the Higgs field is largest. Kinematic

production of νR1 requires that the effective Higgs mass, meff,h ≈
√
λh, is greater than M1.

This occurs at a time less than

tmax = λ3/2
v3R
M4

1

. (B.4)

When tmax < Γ−1
h→νR1

l1
, the production of νR1 is suppressed since only a small fraction of

decays occur while h is large enough to permit the reaction h → νR1 l1. Quantitatively, the

fraction of νR1 ultimately produced – equivalently, the efficiency factor F – is

F = Br(h→ νR1 l1)×Min {1, Γhtmax} ≃ y21
y2b + y21

×Min

{
1,

λ

8π
(y21 + y2b )

v2R
M2

1

}
. (B.5)

Here, Γh ≃ (y21 + y2b )/(8π)
√
λh(h/vR) is the total decay rate of the Higgs particles emanating

from the wall, yb the bottom quark Yukawa coupling, and h/vR is the time dilation factor
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Table 1. The gauge charges of Higgses and fermions in the LR theory (Model A).

HL HR qi q̄i ℓi ℓ̄i Ui Ūi Di D̄i Ei Ēi

SU(3)c 1 1 3 3̄ 1 1 3 3̄ 3 3̄ 1 1

SU(2)L 2 1 2 1 2 1 1 1 1 1 1 1

SU(2)R 1 2 1 2 1 2 1 1 1 1 1 1

U(1)X
1
2 −1

2
1
6 −1

6 −1
2

1
2

2
3 −2

3 −1
3

1
3 −1 1

of the Higgs particles escaping from the wall which have momenta k ≈
√
λvR and mass

meff,h ≈
√
λh. Note that since the effective top quark mass meff,t ≈ yth is greater than meff,h,

h cannot decay to two top quarks. Instead, the dominant h decay out of νR1 l1 is to two

bottom quarks. For y1 < yb, the efficiency is suppressed by the small branching ratio into

νR1 compared to bottom quarks. We take the renormalized value of yb above vR > 1010 GeV

to be around 0.008.

We show the value of F as a function of M1/vR in the left panel of Fig. 6. Here, we

take y21 = M1m̃/v
2 where m̃ = 0.1 eV is the largest natural value for m̃ without needing

fine-tuned cancellations between the direct and seesaw mass contributions of ν1. Note that

since domain wall leptogenesis is non-thermal, it is possible to take y1 > yb without causing

washout which can occur for such large m̃. We also take λ = 0.1 which is an optimistically

large value of the Higgs quartic near the scale vR. The right panel of Fig. 6 shows the region

where the baryon asymmetry given by Eq. (7.1), and using the efficiency of Eq. (B.5), is

unable to match the observed baryon YB ≃ 8× 10−11. We see that domain wall leptogenesis

requires vR ≳ 5× 1012 GeV, comparable to the bound from natural thermal leptogenesis.

C Model-dependence of Parity Breaking Scale

In this appendix, we discuss the model dependence of the Parity breaking scale arising from

the threshold correction at the parity breaking scale and the running of the quartic coupling.

We discuss Models A and D of Ref. [9], which have no additional stable charged particles and

are consistent with cosmological evolution with high enough reheat temperature to achieve

thermal leptogenesis. The fermion contents of Models A and D are shown in Tables 1 and

2. Model A with large Dirac masses, MUiUiŪi +MDiDiD̄i +MEiEiĒi, gives the LR theory.

Integrating out the heavy fermions generates dimension-5 operators leading to SM quark and

charged lepton masses after electroweak symmetry breaking. Model D is the Mirror model.

C.1 Threshold correction

Model-dependence arises from threshold corrections from the interactions that lead to the

top quark Yukawa coupling. In Model A, these interactions are

L = −x qŪHL − x q̄UHR −MŪU. (C.1)
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Table 2. The gauge charges of Higgses and fermions in the Mirror theory (Model D).

HL HR qi q′i ℓi ℓ′i ūi ū′i d̄i d̄′i ēi ē′i
SU(3)c 1 1 3 3 1 1 3̄ 3̄ 3̄ 3̄ 1 1

SU(2)L 2 1 2 1 2 1 1 1 1 1 1 1

SU(2)R 1 2 1 2 1 2 1 1 1 1 1 1

U(1)X
1
2

1
2

1
6

1
6 −1

2 −1
2 −2

3 −2
3

1
3

1
3 1 1

After SU(2)R symmetry breaking, a linear combination of ū ⊃ q̄ and Ū obtains a mass√
x2v2R +M2 and the other linear combination remains massless to be identified with the

right-handed top quark. The top Yukawa is

yt =
x2vR√

x2v2R +M2
. (C.2)

The threshold correction to λSM(vR) can be computed in the following way.

1. Compute the Coleman-Weinberg potential of HL and HR from the top Yukawa sector

and add it to the tree-level potential,

V = λ(|HL|2 + |HR|2)2 −m2
H(|HL|2 + |HR|2) + ϵ|HL|2|HR|2 + VCW(HL, HR). (C.3)

2. Minimize the potential with respect to HR while taking HL = 0 to fix the parameter

m2
H so that ⟨HR⟩ = vR.

3. Integrating out HR to obtain the effective potential Veff(HL) and fix the parameter ϵ to

take the quadratic term of HL to be zero, which corresponds to electroweak fine-tuning.

4. The coefficient of |HL|4 is of the form

Veff/|HL|4 = a− 3

16π2
y4t ln

|H2
L|

v2R
, (C.4)

where the constant term a depends on the couplings of the UV theory.

5. Comparing this with the CW potential of the SM in the MS scheme,

VCW,SM/|HL|4 = λSM(µ)− 3

16π2
y4t

(
ln
y2t |HL|2
µ2

− 3

2

)
, (C.5)

we obtain

λSM(vR) = a+
3

16π2
y4t

(
lny2t −

3

2

)
. (C.6)
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Applying this procedure to the Lagrangian in Eq. (C.1), we find

λSM(vR) =
3

16π2
y4t

(
−2 + lny2t + 2ln

x2

y2t

)
≥ 3

16π2
y4t
(
−2 + lny2t

)
, (C.7)

where the inequality is saturated when x = yt, i.e., M = 0. The prediction on vR for M ̸= 0

is always smaller than that for M = 0.

In Model D, the top Yukawa is given by the Lagrangian

L = −xqūHL − xq′ū′HR − zqū′HL − zq′ūHR. (C.8)

After Parity breaking, a linear combination of ū and ū′ obtains a mass
√
x2 + z2 vR. Another

linear combination remains massless and is identified as the right-handed top quark. The top

Yukawa is

yt =
x2 − z2√
x2 + z2

. (C.9)

For z ≪ x and x ≪ z, yt = x and z, respectively. We find that the threshold correction to

λSM(vR) is

λSM(vR) =
3

16π2
y4t

(
−2 + lny2t + ln

x2 + z2

y2t

)
≥ 3

16π2
y4t
(
−2 + lny2t

)
, (C.10)

where the inequality is saturated when z = 0 or x = 0. The prediction on vR for z ̸= 0 or

x ̸= 0 is always smaller than that for z = 0 or x = 0.

C.2 Running of quartic

In Model A where the right-handed SM fermions are mostly the Parity partners of the left-

handed SM fermion, the RGE running of the Higgs quartic coupling is the same as the SM.

If we take the Dirac masses analogous to M in Eq. C.1 to be zero, the Parity partners of the

SM fermions have masses mSMvR/vL and the running of the SU(3)c×U(1)Y gauge couplings

is modified. In Model D, where the parity partners of the SM fermion are new particles, the

Parity partners may be also as light as mSMvR/vL.

Thus, the two main modifications to determining the running of the quartic in Model D

are: 1) The incorporation of the mirror quarks to the running of αs and 2) the incorporation

of all mirror particles that possess hypercharge to the running of αY . In both cases, we

manually increment the number of light mirror fermions to the relevant beta functions at

the scale µ = y′ivR, where y
′
i are the mirror fermion Yukawa couplings. Note in the Mirror

theory, the threshold correction Eq. (3.3) to λ at the scale vR is the same as in the Left-Right

theory. We numerically determine the renormalization scale at which λSM equals (3.3) and

show the results in Fig. 12, which is analogous to Fig. 3 for the LR theory. In general, the

incorporation of mirror quarks reduces the running of αs at high scales, shifting the colored

bands slightly up relative to Fig. 3.
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Figure 12. Future determinations of vR from improved measurements of SM parameters. The figures

are analogous to Fig. 3 but for the Mirror Theory. The two modifications are the the running of

αs from mirror quarks which are charged under the Standard Model SU(3), as well as the modified

threshold correction at vR. Left: Centered on mt(αs) that are 1σ above (below) the current values.

Right: Centered on mt(αs) that are 1σ below (above) the current values.
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