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ARTICLE INFO ABSTRACT

Editor: Prof Geraldine Servant We propose a cogenesis mechanism that unifies the origin of QCD axion dark matter and the baryon asymmetry of

the Universe in the framework of Peccei-Quinn pole inflation. The model integrates the Peccei-Quinn symmetry

I;er}gfl ‘;ri'; problem with the seesaw mechanism for neutrino masses. This allows for spontaneous leptogenesis, which generates the
Axion required B — L asymmetry around the seesaw scale. The necessary initial axion kinetic misalignment is naturally
Peccei-Quinn symmetry sourced by a PQ field driving pole inflation. Analysis within the KSVZ axion model demonstrates that achieving
Inflation simultaneous correct DM abundance and baryon asymmetry limits the axion decay constant to be smaller than
Baryon asymmetry about 10° GeV. This framework offers a unified solution to four fundamental problems: the strong CP problem,
Leptogenesis neutrino mass, matter-antimatter asymmetry, and inflation.

1. Introduction

The QCD axion is a Goldstone boson of a spontaneously broken
Peccei-Quinn (PQ) symmetry U(1)p, that has a color anomaly. It has
been introduced to solve the strong CP problem [1-4] as its vacuum
expectation value, and thus the effective 6 term settles down to zero
due to the QCD potential. As a consequence, the axion obtains a tiny
mass m, « 1/f, where f, is the axion decay constant restricted to the
range f, ~ 108-12 GeV by various observations. For the KSVZ axion [3],
which couples almost only to protons, the strongest lower bound can be
obtained from SN1987A: f, > 4 x 108 GeV [5]. The upper limit is set by
the axion dark matter abundance, which is produced by the standard
misalignment mechanism [6]. On the other hand, one can rely on the
kinetic misalignment [7] as the origin of the dark matter density even
for a lower value of f,.

The axion kinetic misalignment can also be the source of the
observed baryon asymmetry through the mechanism of spontaneous
baryogenesis [8], as it can provide a CPT violating background while
the electroweak sphaleron interaction, that violates B + L symmetry, is
in equilibrium [9]. The final baryon asymmetry is determined at the
electroweak phase transition below which the sphaleron interaction de-
couples. However, it conflicts with the dark matter abundance from
standard QCD axions.

To resolve this difficulty, we consider a simple extension of the PQ
symmetry to include the seesaw mechanism that explains the observed
neutrino masses and mixing [10], which involves lepton number viola-
tion. This enables spontaneous leptogeneis that generates B — L asym-
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metry around the seesaw scale [11,12]. Adjusting this scale, we can
realize the cogenesis of baryon asymmetry and dark matter of the Uni-
verse.

Another key ingredient of spontaneous leptogenesis is the origin of
the initial kinetic misalignment, which could be related to inflation dy-
namics [13]. In this regard, it appears natural to explore a minimal setup
where the PQ field, breaking the PQ symmetry, drives inflation. Its radial
degree is supposed to play a role of the inflaton and the axial degree (ax-
ion) develops the initial kinetic motion at the end of inflation through a
higher-dimensional operator violating the PQ symmetry explicitly [14].
We focus on the KSVZ model for solving the strong CP problem and
accommodate neutrino masses by Type I seesaw mechanism. Then, we
will examine the cogenesis condition and analyze the relevant inflation
and post-inflation dynamics in the framework of pole inflation. As a re-
sult, we find out the allowed parameter regions which turns out to be
quite limited. On the other hand, the DFSZ framework [4] is not consid-
ered, since reheating through PQ field decay into Higgs doublets is too
inefficient to achieve cogenesis. Recent developments of spontaneous
leptogenesis with the axion or axion-like field in connection to neutrino
masses can be referred to Refs. [15-17].

2. Cogenesis requirements
2.1. Spontaneous leptogenesis and dark matter abundance

Consider a field @ that carries the PQ charge +1 and breaks U(1)po
spontaneously. After breaking the symmetry, it is represented by ®
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$B-L$


$10^9$


$U(1)_{PQ}$


$\theta $


$m_a \propto 1/f_a$


$f_a$


$f_a \sim 10^{8-12}$


$f_a>4\times 10^8$


$f_a$


$B+L$


$B-L$


$\Phi $


$+1$


$U(1)_{PQ}$


$\Phi \break =\frac {v_a}{\sqrt {2}} e^{i {\theta }}$


$\theta \equiv a/v_a$


$\dot \theta $


$T$


\begin {equation}Y_\theta \equiv {n_\theta \over s}=\frac {v_a^2 \dot \theta }{{2\pi ^2\over 45} g_* T^3} \label {Xeqn1-1}\end {equation}


$\dot \theta $


$y_\nu l N H$


$N$


$B-L$


$Y_{B-L} \equiv {n_{B-L}\over s}$


$n_{B-L} = {1\over 6} \mu _{B-L} T^2$


$\mu _{B-L} \propto \dot \theta $


$Y_B$


\begin {equation}\label {PQtoB} Y_{B-L}=c_{B-L} Y_\theta \left ( T_{B-L}\over v_a \right )^2\end {equation}


$c_{B-L}\equiv \mu _{B-L}/6\dot \theta $


$T_{B-L}$


$B-L$


$Y_B=c_{\rm sph} Y_{B-L}$


$c_{\rm sph}$


$(B-L)$


$B$


$c_{\rm sph}={28\over 79}$


$N$


$T_{B-L}\equiv M_N/z_N$


$\Gamma _D=y_\nu ^2 M_N/8\pi $


$N$


$T=M_N$


$K\equiv \Gamma _D/H(M_N) \gg 1$


$T<M_N$


$Y_{B-L}$


$T_{B-L}$


$K\lesssim 1$


$Y_{B-L}$


$\kappa \equiv Y_{B-L} / \tilde {Y}_{B-L}$


$\tilde {Y}_{B-L} \equiv c_{B-L} \dot \theta _1 T_1^2/6s(T_1)$


$T_1=M_N$


$K$


$z_N =M_N/T_{B-L}$


$\kappa $


$z_N=1/\sqrt {\kappa }$


$\kappa $


$y$


$c_N$


$\zeta =1,2,\dots ,10$


$c_N$


$\zeta $


$wt=10$


$w=10^{11}$


$t_e$


$\rho =\rho _c/10$


$\rho =\rho _c/20$


$K=4$


$K=50$


$\tilde m_\nu \equiv y_\nu ^2 v_{EW}^2/M_N=8\pi \Gamma _D v_{EW}^2/M_N^2=0.05$


$\kappa \approx 0.03$


$y_N\ll y_Q$


$K=4, 50$


$Y_\theta $


\begin {equation}2 m_a |Y_\theta | \approx 0.44 \mbox { eV} .\label {maDM}\end {equation}


$a$


\begin {equation}-{\cal L}_{aGG}= {1\over 32 \pi ^2} {a \over f_a} G \tilde G , \label {Xeqn4-4}\end {equation}


$v_a = N_{\rm DW} f_a$


$N_{\rm DW}$


$c_S$


\begin {equation}\label {mafa} m_a \approx 5.7 \mbox {meV} \left ( 10^{9} \mbox {GeV} \over f_a\right ).\end {equation}


$Y_B=c_{\rm sph} Y_{B-L}$


$Y_B \approx 0.87 \times 10^{-10}$


\begin {equation}\label {Eqcogen} 2.25 {N_{DW}^2\over |c_B|} \left (f_a \over 10^9 \mbox {GeV} \right ) \left ( 10^3 \mbox {GeV} \over M_N /z_N \right )^2 =1 ,\end {equation}


$c_B\equiv c_{\rm sph} c_{B-L}$


$c_B$


$(Q, Q^c)$


$\Phi $


\begin {equation}-{\cal L}_{\rm KSVZ} = y_Q \Phi Q Q^c + \frac {1}{2} y_N \Phi N N + h.c. \label {KSVZ yukawa}\end {equation}


$\Phi =\frac {v_a}{\sqrt {2}} e^{ia/v_a}$


$+1$


$Q Q^c$


$M_Q= \frac {y_Q}{\sqrt {2}} v_a$


$N$


$M_N= \frac {y_N}{\sqrt {2}}v_a$


$e^{i a/v_a}$


$M_Q$


\begin {equation}\label {SMeq} \begin {array}{lcl} -{\cal L}_{\rm Yukawa} &=& y_u q u^c H +y_d q d^c \tilde {H} + y_e l e^c \tilde {H} +y_\nu l N H + h.c. \\ -{\cal L}_{\rm anomaly} &=& {c_S \over 32 \pi ^2} {a\over v_a} G\tilde {G} + {c_W \over 32 \pi ^2} {a\over v_a} W\tilde {W} \end {array}\end {equation}


$q\, (l)$


$u^c,d^c (e^c)$


$H$


$\tilde {H}$


$SU(3)_c$


$SU(2)_L$


$c_S$


$c_W$


$c_S=N_{DW}$


$c_W$


$\Gamma _{y_{u_1, d_1}}\ll \Gamma _{y_{u_{2,3},d_{2,3}}}, \Gamma _{SS,WS}$


\begin {equation}\begin {array}{l} \mu _{q_i}+ \mu _{u^c_i}+\mu _H = c_S {m_d^2 \over m_u^2 + m_d^2} \dot \theta \,\delta _{i1}, \\ \mu _{q_i}+ \mu _{d^c_i}-\mu _H = c_S {m_u^2 \over m_u^2 + m_d^2}\dot \theta \,\delta _{i1}, \\ \sum _{i} \left ( 2\mu _{q_i}+\mu _{u^c_i}+ \mu _{d^c_i} \right )=c_S \dot \theta . \end {array} \label {Xeqn9-9}\end {equation}


\begin {equation}\begin {array}{l} \mu _{l_i}+\mu _{e^c_i}-\mu _H=0, \\ \mu _{l_i}+\mu _H=x_l \dot \theta , \\ \sum _i \left ( 3 \mu _{q_i} + \mu _{l_i}\right ) = c_W \dot \theta , \end {array} \label {Xeqn10-10}\end {equation}


$\mu _{l_i}=\mu _l$


$\mu _l \to \mu _l - x_l \dot \theta $


$\dot \theta $


$B-L$


$q_{B-L}={1\over 6} \mu _{B-L} T^2$


\begin {equation}\label {BLksvz} \mu _{B-L} = {1\over 33} \left ( 28 c_W - c_S {57 m_u^2 -15 m_d^2 \over m_u^2 + m_d^2 } -153 x_l \right ) \dot \theta \end {equation}


$x_l$


$l_i$


$x_l={1\over 2}$


\begin {equation}c_B = {28 \over 79} {1\over 198}\left (28 c_W - c_S {57 m_u^2 -15 m_d^2 \over m_u^2 + m_d^2 } -153 x_l\right ). \label {Xeqn12-12}\end {equation}


$c_S=N_{DW}=1$


$c_W=0$


$x_l=1/2$


$m_u/m_d=0.462$


$c_B=-0.13$


$\lambda _{\Phi H} |\Phi |^2 |H|^2$


$\lambda _{\Phi H} < \langle H\rangle ^2/\langle \Phi \rangle ^2$


$10^{-14}$


$c_B=-0.13$


$M_N$


$y_N=\sqrt {2}M_N/v_a$


\begin {equation}y_N = 5.9 \times 10^{-6} z_N \sqrt { {10^9 {\rm GeV} \over f_a}}. \label {yN}\end {equation}


$z_N\approx 5.8$


$K=4$


$n_s$


$r$


$U(1)_{\rm PQ}$


$\Phi $


$\Phi $


$\Phi $


\begin {equation}\label {VPQV} V_{\rm PQV}= \lambda _n\frac {\Phi ^n}{M_P^{n-4}}+\text {h.c.}.\end {equation}


$\Phi $


$V_E=V_{\rm PQC}+V_{\rm PQV}$


$\Lambda $


$\zeta \equiv M_P^2/\Lambda ^2$


$\zeta =\frac {1}{6}$


$g_{J.\mu \nu }=g_{E,\mu \nu }/\Omega $


$\Phi =\frac {1}{\sqrt {2}}\rho \,e^{i\theta }$


$V_{E}= V_{\rm PQC}+V_{\rm PQV}$


\begin {align}\label {PQCV} V_{\rm PQC}=&\frac {\lambda _{\Phi }}{4}(\rho ^2-v_a^2)^2, \nonumber \\ V_{\rm PQV}=& \frac {|\lambda _n|}{\sqrt {2^{n-2}}}\frac {\rho ^n}{M_P^{n-4}} \cos {(n\theta +\delta )}.\end {align}


$\delta $


$\lambda _n$


$\rho =M_P/\sqrt {\zeta }=\Lambda $


$\phi $


$\rho =\rho (\phi )$


$\phi $


$\rho \rightarrow \frac {M_P}{\sqrt {\zeta }}$


$\zeta \gtrsim 1$


$\phi $


$\theta $


$\rho $


$\phi $


$\rho (\phi )$


\begin {align}{\cal L}_{\rm {PQ}}= {1\over 2} (\partial _\mu \phi )^2 +{1\over 2} {\rho ^2\over \Omega } (\partial _\mu \theta )^2 -V_{E}(\rho ,\theta )\end {align}


$\Omega =1-{\zeta } {\rho ^2 \over M_P^2}$


$\phi $


$\theta $


\begin {equation}\label {DynaEq} \begin {split} &\Ddot {\phi }+3H\Dot {\phi } - \frac {\rho }{\Omega ^2} {d\rho \over d\phi }\, \Dot {\theta }^2 + \frac {\partial V_E}{\partial \rho }\frac {d\rho }{d\phi } = 0, \\ &\Ddot {\theta }+3H\Dot {\theta }+ \frac {2}{\rho \Omega } {d\rho \over d\phi } \, \Dot {\phi }\Dot {\theta } +{\Omega \over \rho ^2} \frac {\partial V_{E}}{\partial \theta } = 0 \end {split}\end {equation}


\begin {equation*}H^2 = \frac {1}{3M_P^2}\left (\frac {1}{2} {\dot \phi }^2 +{1\over 2} {\rho ^2\over \Omega } \dot \theta ^2 +V_E \right ) .\end {equation*}


$\phi $


$V_E \simeq V_{\rm PQC} \gg V_{\rm PQV}$


$\partial V_{\rm PQC}/\partial \phi \gg \partial V_{\rm PQV}/\partial \phi $


\begin {equation}\label {lamninfl} \epsilon _\phi =\frac {M_P^2}{2 V_E^2} \left (\frac {\partial V_{E}}{\partial \rho }\frac {d\rho }{d\phi }\right )^2 ~~\gg ~~ \epsilon _\theta = \frac {M_P^2}{2 V_E^2} {\Omega \over \rho ^2} \left (\frac {\partial V_{E}}{\partial \theta }\right )^2.\end {equation}


$V_I$


$\epsilon _*\simeq \epsilon _{\phi *}$


\begin {equation}V_I \simeq {1\over 4} {\lambda _\Phi \over \zeta ^2} M_P^4,\qquad \epsilon _* \simeq {3\over 4 N^2} \label {Xeqn16-25}\end {equation}


$N$


\begin {equation}A_s=\frac {1}{24\pi ^2\epsilon _*}\frac {V_I}{M_P^4}=2.1\times 10^{-9} ~~\Rightarrow ~~ \frac {\lambda _\Phi }{\zeta ^2}\simeq 4\times 10^{-10} \label {Xeqn17-26}\end {equation}


$N=60$


$\epsilon \simeq \epsilon _\phi =1$


$\rho =\rho _e$


\begin {equation}\rho _{e}\approx {0.732 \over \sqrt {\zeta }} M_P =0.732\Lambda , \label {Xeqn18-27}\end {equation}


$\zeta \gg 1$


\begin {equation}3H\Dot {\phi } + \frac {\partial V_E}{\partial \phi } \approx 0 ,\quad 3H\Dot {\theta } +{\Omega \over \rho ^2} \frac {\partial V_{E}}{\partial \theta } \approx 0 , \label {Xeqn19-28}\end {equation}


$H\approx \sqrt {V_{\rm PQC}/3M_P^2}$


\begin {equation}n_{\theta , e}=\frac {\rho ^2_e}{\Omega _e}\, {\dot \theta }_e \approx -{1\over 3 H} {\partial V_{\rm PQV} \over \partial \theta } \Big |_{\rho =\rho _e} \label {n_theta e},\end {equation}


$V_{\rm PQV}$


$n_\theta $


$\lambda _n$


$n$


$V_{\rm PQV}$


$V_{\rm PQV}$


$\rho =v_a$


\begin {equation}\delta m_a^2 \equiv n^2 \frac {|\lambda _n|}{\sqrt {2^{n-2}}}\frac {v_a^{n-2}}{M_P^{n-4}} \lesssim 10^{-10} {n\over N_{DW}} m_a^2, \label {axionquality}\end {equation}


$m_a$


$\theta $


$v_a=f_a$


$N_{DW}=1$


$a^3 n_\theta $


$a^3$


$V_{\rm PQV}$


$\phi $


$\rho $


$V_{\rm PQC}$


$n_\theta $


$a$


\begin {align}n_{\theta }= n_{\theta ,e}\left (\frac {a_{e}}{a}\right )^3 .\end {align}


$\phi $


$\Xi (\rho )\equiv \left (d\rho /d\phi \right )^{-2}$


$\rho \ll \rho _c \equiv \frac {M_P}{\sqrt {6}\zeta }$


$\rho $


$\rho \approx \phi $


$V_{\rm PQC}$


$V_{\rm PQC} \propto 1/a^4$


$\rho _c$


$\rho _e$


$\rho $


\begin {align}\Ddot {\rho } + 3H \dot {\rho } + \frac 12 {1\over \Xi } \frac {d \Xi }{d\rho } \Dot {\rho }^2 + \frac {1}{\Xi }\frac {dV_{\rm PQC}}{d\rho } \simeq 0,\qquad H^2=\frac {1}{3M_P^2}\left [ \frac {1}{2}\Xi \Dot {\rho }^2+V_{\rm PQC} \right ], \label {e.o.m of rho}\end {align}


$c_N$


\begin {equation}c_N \equiv { V_{\rm PQC}(\rho _c) a_c^4 \over V_{\rm PQC}(\rho _e) a_e^4} \simeq 0.37 \zeta +1.79, \label {cN}\end {equation}


$a>a_c$


$\rho =\phi <\rho _c$


\begin {equation}n_\theta (\phi ) = n_{\theta , e} \, c_N^{-\frac 34}\left ( V_{\rm PQC}(\phi ) \over V_{\rm PQC}(\rho _e) \right )^{\frac 34} \label {Xeqn23-34}\end {equation}


$V_{\rm PQC}(\phi )$


$a$


$\rho =\phi $


$V_{\rm PQC}(\phi _{\rm RH})=g_* \pi ^2 T_{RH}^4/30$


$Y_\theta $


$T_{RH}$


$\phi \to QQ^c$


$NN$


$\phi \rightarrow QQ^c$


$m_\phi (t) \equiv \sqrt {V''(\phi _0(t))}=\sqrt {3\lambda _\Phi } \phi _0(t)$


$a(t)$


$m_f(t)=y_f\phi (t)/\sqrt {2}$


$f=Q$


$N$


$\phi (t) =\phi _0(t){\cal P}(t)$


${\cal P}(t)$


$\phi _0(t)$


$\phi _0(t) \propto 1/a(t)$


$E_n(t) \simeq 0.5 n m_\phi (t)$


$f$


$E_n(t) > 2 m_f(t)$


$y_{f,\rm eff}$


\begin {equation}\Gamma _\phi (t) =\frac {N_f}{8\pi } \left ({y_{f,\text {eff}} \over \sqrt {2}}\right )^2 m_\phi (t),\quad y^2_{f,\text {eff}}\simeq 0.5 \, \alpha (\mathcal {R}) y_f^2,\quad \mathcal {R} \equiv \left (\frac {4m_f}{m_\phi }\right )^2\bigg |_{\phi (t)=\phi _0} \label {Xeqn24-36}\end {equation}


$N_f$


$\mathcal {R}$


\begin {equation}\alpha (\mathcal {R})\simeq \begin {cases} 1 & \mathcal {R}\ll 1 \\ 0.5 \mathcal {R}^{-\frac 12} \quad & \mathcal {R}\gg 1 \end {cases} \label {approx}\end {equation}


${\cal R}=1$


${\cal R}\geq 3$


$1< {\cal R}<3$


$\alpha ({\cal R})={\rm Min}(1,0.5{\cal R}^{-\frac {1}{2}})$


$\rho _{\rm RH}(T_{\rm RH}) = \rho _\phi (\phi _{\rm RH})\simeq {\lambda _\Phi \over 4} \phi _{\rm RH}^4$


\begin {equation}T_{\rm RH} \simeq 1.5 \times 10^6 \mbox { GeV} \left ( {y_{f,\text {eff}} \over 10^{-4}} \right )^2 \left ( {\lambda _\Phi \over 10^{-11}} \right )^{1/4}, \label {Xeqn26-38}\end {equation}


$y_Q$


$\Lambda $


$y_Q=y_N$


$y_Q>y_N$


$\mathcal {R}=1$


$y_Q=\sqrt {\lambda _\Phi }$


$\mathcal {R}>1$


$y_Q$


$\Lambda $


$f_a=10^{8.6}$


$10^{8.8}$


${\cal R}<1$


${\cal R}>1$


$y_Q$


$10^{-3}$


$\lambda _\Phi $


$y_Q=y_N$


${\cal R}>1$


$\phi \simeq f_a$


$y_Q>\sqrt {\lambda _\Phi }$


$\Lambda <M_P$


$n=9$


$\frac {dV_{\rm PQC}}{d\phi }> \frac {dV_{\rm PQV}}{d\phi }$


$n=10, 11$


$\phi _{\rm RH}$


$\phi _{\text {RH}}\ll \rho _c= \frac {M_P}{\sqrt {6}\zeta }$


$\Lambda >10^{17}\,{\rm GeV}$


$y_Q$


$\Lambda $


$f_a$


$n=9$


$\lambda _n$


${\cal R}<1$


$>1$


$(\Lambda , f_a)$


$V_{\rm PQV}$


$n=9,10$


$\frac {dV_{\rm PQC}}{d\phi }> \frac {dV_{\rm PQV}}{d\phi }$


$y_N\leq y_Q \leq 10^{-3}$


${\cal R}=1$


${\cal R}<1$


$>1$


$10^{-6.6} < \lambda _9 < 10^{-4.5}$


$10^{-6.1} < \lambda _{10} < 10^{-5}$


$y_Q$


$10^{-9} \lesssim \lambda _{11} \lesssim 10^{-7}$


$y_Q=10^{-3}, 10^{-3.5}$


$n<8$


$n>11$


$n<11$


$B-L$


$f_a=(4-9) \times 10^8$


$\rho _\phi $


$\rho $


\begin {align}\Ddot {\rho }=&-\left (\frac 12 \frac {d\Xi }{d\rho }\frac {\Dot {\rho }^2}{\Xi (\rho )}+\frac {1}{\Xi (\rho )}\frac {dV_{\rm PQC}}{d\rho }+3H\Dot {\rho }\right ) \label {e.o.m of rho}\end {align}


\begin {align}\Xi (\rho )\equiv & \frac {1+\zeta (6\zeta -1)\frac {\rho ^2}{M_P^2}}{\left (1-\zeta \frac {\rho ^2}{M_P^2}\right )^2}.\end {align}


\begin {align}H^2=&\frac {1}{3M_P^2}\left [ \frac {1}{2}\Xi (\rho ) \Dot {\rho }^2+V_{\rm PQC}(\rho ) \right ] \label {hubble constant}\end {align}


$H^2\approx V_{\rm PQC}/3M_P^2$


$\rho _e \approx 0.732/\sqrt {\zeta }$


$\Dot {\rho }_e$


\begin {align}\Dot {\rho }\approx -\frac {\partial V_{\rm PQC}}{\partial \rho }\left (\frac {\partial \rho }{\partial \phi }\right )^2 \frac {1}{3H},\end {align}


$c_N$


$\zeta \break =1,2,\dots ,10$


$\rho \ll \rho _c=\frac {M_P}{\sqrt {6}\zeta }$


$\rho =\rho _c/10$


$\rho _c/20$


$\Xi (\rho ) \simeq 1$


$c_N$


$\zeta $


\begin {align}c_N \simeq 0.37 \zeta +1.79,\end {align}


$\mathcal {O}(10 \%)$
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= L‘;e"e where 6 = a/v,. Given the kinetic misalignment @ at a tempera-

ture T, the PQ number normalized by the entropy density is a conserved
quantity:
Y
v-0
y,=20 - & [63)

s 272
58T

In the background of 4, neutrino Yukawa interactions, y,/N H with an
RHN N, may be in equilibrium to generate a non-vanishing B — L asym-
metry: Yp_; = “2=L where np_; = éy 5 T? and the chemical potential
up_; o 0 is determined by the equilibrium conditions of a given system.
Thus, one can parameterize the resulting baryon asymmetry Y by

2
Yp_; = y, ( Le-t 2
B-L = ¢B-L¥g 0 ©))

a

where cp_; = pup_; /60 is a model-dependent constant, and Tj_; is the
temperature at which the final B — L asymmetry is determined. Then,
the final baryon asymmetry is Y = Copn Y1 where Csph 1S the usual
(B — L)-to-B conversion factor which is given by ¢y, = % when all the
Yukawa interactions are in equilibrium (namely, there is no flavor de-
pendence).

The neutrino Yukawa interactions violating lepton number in our
case are the decay and inverse decay of N, and Ty_; = My /zy de-
pends on their strength. In the so-called strong washout regime, where
the decay rate I', = y2My /87 of N is higher than the Hubble rate at
temperature T = My: K=T'p/H(My) > 1 and thus the inverse de-
cay is active to erase the lepton asymmetry even at lower temperature
T < My [18], Yp_; is determined by equilibrium conditions which is
assumed in the traditional treatment and Tjz_; is set by the temper-
ature when the inverse decay goes out of equilibrium. In the opposite
regime K < 1, the effect of CP-violating RHN decay has to be considered
properly to get Yp_; . The efficiency factor x = Yp_; /Vp_,, with ¥_; =
cp_ LG'ITIZ /6s(T}) and T} = M, was computed as a function of K in
[12]. The parameter zyy = My /Ty_; is related to « through zy = 1/4/k
where the value of « can be read from the y-axis of Fig. A.1 of [12]. For
our presentation, we consider two benchmark cases: K = 4, which yields
relatively larger efficiency, and K = 50, corresponding to the effective
neutrino mass that parametrizes the decay rate, taken to be at the atmo-
spheric neutrino mass scale: 7, = y2v%,,, /My =8z pv%,, /M3 = 0.05
eV [18]. We remark that the effective neutrino mass defined in terms of
one right handed neutrino is not equivalent to a physical neutrino mass
obtained in the three generation picture, and can be larger than the ac-
tual neutrino mass scale [18]. The corresponding efficiency factors are
k =~ 0.03 and 0.01, respectively. In our model, a nonzero initial abun-
dance of the RH neutrinos can be non-thermally produced at reheating
from the inflaton decays, although being suppressed for yy < y,. But,
these two benchmark points with K = 4, 50 are less sensitive to the ini-
tial abundance of the RH neutrinos at reheating.

The kinetic misalignment can also be a source of the axion dark mat-
ter density [7,9]. The initial energy density of the axion dominated by
the kinetic energy redshifts quickly to the QCD potential energy. Then,
the axion trapped by the potential barrier starts oscillation around its
minimum which can happen later than the conventional oscillation tem-
perature. In this case, our Y, becomes the main source of dark matter
density if the following condition is met [7,9]:

2m,|Y,| ~ 0.44 eV. 3
Following the convention of the anomaly coupling of the axion a to the
gluon fields:
a .~
g =—_ -GG,
aGG 32”2 fa
we get the relation v, = Npy f, where Npy, is the QCD anomaly coef-

ficient which we will also denote as cg. Then, the axion mass is deter-
mined to be [19]

109GeV>

a

4

m, ~ 5.7meV< %)
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Combining Egs. (2) and (3) with Y = ¢y, Yp_;, one finds a successful
cogenesis with Yz ~ 0.87 x 10710:

225N12>w< fa ><103GeV>2=1 ©
7 lepl \10°GeV J\ My /zy '

where cp = cg,,cp_; - In the following subsections, we will examine the
KSVZ axion model that incorporates the seesaw mechanism for neutrino
masses and determine the coefficient ¢ appearing in the baryon asym-
metry in (2).

2.2. KSVZ axion and seesaw mechanism

The KSVZ axion is implemented by the existence of extra quarks
(0, 0. In our scheme, RHNs couple to the PQ field ® and thus we
have

1
—Lgsyz = yoPQO° + EyNCDNN + h.c. @

where @ = ”—"Zei“/ Ya is the PQ field (with the PQ charge +1) after the PQ

symmetry breaking. and QQ¢ is a Dirac fermion bilinear with the mass

M, = 22, and N gets the Majorana mass M = X, after rotating

V2 V2
away the phase field ¢/“/*«. Note that we use the chiral notation for
the fermions. At the energy scale below My, the Standard Model (SM)

Lagrangian includes

—Lyukawa = y,éunH + ydqccicﬁ + yele”ﬁ +y,INH + h.c. ®
s a = a =
_Eanomaly = 32,5,2 ZGG + 321/2 ZWW

where the chiral notation is also used for the quark (lepton) doublets
g (I) and singlets u¢, d°(e), and the Higgs doublet and its conjugate are
denoted by H and H. Here we suppressed the family indices which will
be recovered whenever necessary. In the anomaly term, we keep only
the axion couplings to the SU(3), and SU(2); gauge bosons that have
the anomaly coefficients cg and ¢y, respectively. In the KSVZ model,
cs = Npy, and cy,, are given by the total number of heavy quarks and
the number of heavy quark doublets, respectively.

Assuming all the Yukawa and sphaleron interactions are in equilib-
rium, one can generalize the calculation in Ref. [20] to include the see-
saw sector. As the first generation quark Yukawa interactions are much
weaker than the others as well as the strong and weak sphaleron interac-

tions: l“yul o < l“ym‘dzv3 ,T'ss.ws, the equilibrium conditions are satisfied

by the following chemical potential relations involving only quarks:

2
Hg, + Hye + 1y = Cs m5+m§95,‘|,
2
mu )
Mg, + Hae = My = cS_m§+m§ 06;, ©

2 (2/4,1,. + e + ﬂdf’) = cg0.
On the other hand, the equilibrium condition involving leptons requires

Hy, + pee = pyg =0,

My, + g = x0, (10)
% (3/44,. + M;,.) = w0,

with no flavor dependence: y;, = y, etc. Note that the second equation
comes from the shift in the chemical potential y;, — y, — x,0 as leptons
carry PQ charges, and thus their charge operators couple to 4.

Therefore, we find the chemical potential for the B — L charge
(gp-r = éﬂB—LTZ):

1 5Tm? — 15m? )
HB-L =33 28cW—c57—153x, 0 1)
mu md
where x; is the PQ charge of the lepton doublets /; (x; = % in our case).
This results in
5Tm2 — 15m?
ep= 2L (28e,, —egi T4 s34 ). a2
79 198 m2 + m>
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Taking cg = Npy =1, ¢, =0, x; =
find ¢p = —0.13.

Let us finally comment on the coupling of the PQ field to the Higgs
doublet: A |®|?|H|?. To avoid fine-tuning in the Higgs sector, one may
require Ay < (H)?/(®)2, which is smaller than about 10~!4. This cou-
pling is too small to provide a sufficient reheat in PQ inflation scenarios,
which will be discussed in the following section.

Given cp = —0.13, we can determine the value of M, or the Yukawa

1/2, and m,/m,; = 0.462 [21], we

coupling yy = \/EM ~ /v, for cogenesis (6):
109GeV
fa

As noted in Section 2.1, we have z, =~ 5.8 and 10 for K =4 and 50,
respectively.

Yy =359x1070zy

(13)

3. PQ pole inflation and axion kinetic misalignment

Let us begin by recapitulating the main features of the PQ inflation
at the pole that we use for our purpose. In pole inflation, the infla-
ton’s kinetic term becomes singular at a specific point, which effectively
stretches the field space. When the inflaton field approaches the pole,
the redefinition of the field to make its kinetic term canonical results in
an effectively flat potential [22,23]. Thus, a wide range of different un-
derlying potentials, when subjected to the pole in the kinetic term, can
drive inflation and lead to very similar predictions for the observable
cosmological parameters such as the spectral index n, and the tensor-to-
scalar ratio r.

In the PQ mechanism, U(1)pq is broken by a complex (PQ) field ®
typically by a quartic potential

2\’
Veoc = /1<1><|<D|2 - f) , 14)

which we take as an underlying inflaton potential where the radial mode
of @ acts as the inflaton. The axial mode of @ is the axion whose kinetic
misalignment is supposed to generate the baryon asymmetry of the uni-
verse and then turns into dark matter. For this purpose, we introduce a
higher-dimensional operator that softly violates the PQ symmetry [14]:

Vequ = Ay —— +hc. (15)
P
which is supposed not to perturb the features of inflation driven by (14),

and the axion solution to the strong CP problem [24].

3.1. PQ pole inflation

We consider the Jordan frame Lagrangian for the PQ field ® with a
non-conformal coupling
c M3,
I =—TPQ(CD)R+ 10,®> = Q*V. (16)

g,

where Vi = Vpoc + Vpgv and the non-minimal coupling function is taken
to be
|®|?

QP)=1-2 IR a7)

Here, the new cutoff-scale A in the non-minimal coupling is related to a
parameter { = M f, /A%, which was taken to a conformal coupling, ¢ = é,
in Ref. [14].

We can go to the Einstein frame by making a Weyl transformation:
8r v = 8E /&

Ly Mp o 2 3,007
— = —TR+§|0#<I>| +ZMP o _VE
1+ ¢(6¢ - 1) 2 2
M3 p=(0,0)
=-—LRr+ (a,, PP+ —L—— -V (18)
2(1-¢55)

21 - Ly e
P P

Physics Letters B 877 (2026) 140460

where we used the notation ® = Lz pe' in the second line. The potential

Vi = Vpoc + Veqy is explicitly given by

A
VPQC =T¢(P2 - Ui)z
(A, p"

Veoy =——— ——— cos (nf + ). 19
PQV NN —4
Here, 6 is the phase of a complex parameteer 4,,.
One can see that a pole appears at p = Mp /\/Z = A around which
inflation is occurring. To get the canonically normalized inflaton field
¢, we make the field redefinition p = p(¢) satisfying

(-t
do_ 1 Ve 20)
WOVEO e 0L

where ¢ is the canonical normalized real scalar. In the limit p - M—g

during inflation, we can approximately get the canoncial normalized
field for ¢ > 1 as
2
(1-¢2L5)

dp M},

—_~

e
p & tanh< ¢ ) 2D
Ve VoM,

We rewrite the PQ field Lagrangian in terms of ¢ and 6, where p is
understood to be a function of ¢, p(¢):

1 2 1 ,02 2
Log = 50,87 + 320,07 = Ve(p.0) 22)

where Q=1-¢ A‘;—zz. Then, dynamics of the inflaton ¢ and the axion 6

is governed by

; . 1%
¢+3H¢_iﬂ92 Ve dp _

Q2 dg op do

2 d Q JV (23)
d+3H0+ =L o+ =2ZE -9

2Q do 2 00

where the Hubble parameter is determined by

H? = v < @+ 92+VE>

During inflation around the pole, the inflaton energy density and the
slow-roll parameters are assumed to be dominated by ¢, that is, Vj =
Veoc > VPQV, Vpqgc /0 > Vpqy /0, as well as

vy d M? Ve \?
¢ = < E ﬂ) > €H=_P9<_E> . (24)
2V2 dp d¢ 2v2 p* \ 09

Then, the inflation energy V; and the slow-roll parameter ¢, ~ ¢, at the
horizon exit are

1 A 4 3
VI 4 CQ M € = 4N2 (25)

where N is the number of efolding. Thus, the CMB normalization tells
us that

1 V[
2471'26' M3 M

N

2
=21x10"° = C—‘;’:4x10‘“’ (26)

for N = 60. Inflation ends when ¢ ~ ¢, = 1, corresponding to p = p,:

po~ X320, — 07320, @7

T
in the regime ¢ > 1. Applying the slow-roll condition until the end of
inflation, the evolution Eq. (23) simplifies to

Vi Q Vg
3H —zO, 3HO+ ——= ~0, 28
¢+ 5% a0 (28)
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Fig. 1. Region of successful cogenesis in the parameter space (y,, A). The blue-dashed line shows y, = yy. For y, > yy, the decays of the inflaton into extra
heavy quarks are dominant processes for reheating. The boundary between the orange and yellow shaded regions corresponds to R = 1 or y, = /4. The upper-left

boundary of the yellow region is given by the reheating condition for R > 1.

from which we find H %~ 4/Vpqc /3M12,, and the axion number density
at the end of inflation is given by

2
.
nge=—0,~

Qe

__1 oy |
3H 00 lp=p,’

(29)

with Vpoy given in (19). Thus, #, is determined by the coupling param-
eter 4, and the dimensionality n of Vpqy, which are supposed to satisfy
the inflation conditions in and above (24). They are also bounded by the
condition that the quality of the axion solution to the strong CP problem
should not be spoiled [24], which reads, in terms of the mass-squared
induced by Vpqy at p = v,,

A Url—Z
2 2 [4,] a <

sm>=n 107102, (30)

—. ~ a
o2 M4 Npw

where m,, is given by (5). We find that this condition is much milder than
the inflation conditions in the parameter space allowing the cogenesis.
For the purposes of our analysis, we normalize all sinusoidal functions
of 6 to unit amplitude, and consider the case of v, = f, (Npy = 1).

3.2. Post-inflation evolution: Kinetic misalignment and reheating

After the end of inflation, the axion number @*n, in a volume a° is
approximately conserved since the potential Vpqy becomes negligible as
the inflaton field ¢ (or p) continues to roll down the potential Veqc- That
is, ny at the scale a is

a,\3
1y _ng,e(;) . (31)
The inflaton also starts a damped oscillation around the minimum of
the potential. During this epoch, the oscillation amplitude of ¢ and
the Hubble parameter decrease due to the Hubble friction. The fac-
tor, E(p) = (d p/a!(j))’2 in the Alflinetic term driving the pole inflation, con-

verges to 1 when p < p, = \/g“:: for which p becomes a canonically nor-

malized field, p ~ ¢. In this era, the potential Vpq scales like radiation:
Vooc o« 1/a* [25]. For the case of our interest, p, is comparable to p,,
and thus the universe approaches quickly to the radiation-like era when
reheating occurs.! To quantify the impact of this intermediate era, we
solve numerically the equation of motion in terms of the non-canonical

! When the inflaton self-coupling is dominant for reheating as in our case, the
inflaton fragmentation can be relevant when the couplings between the inflaton
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Fig. 2. Parameter space for the successful cogenesis for different values of y, in terms of the cutoff scale A vs. the PQ breaking scale f,. Allowed regions are indicated
by orange, green, and brown, denoting PQ-violating potentials with dimensionalities n = 9, 10, and 11, respectively. The required values for the coupling 4, are also
depicted by almost vertical lines. The left (right) side of the blue line is for R < 1 (> 1).

field p:

5 1dVpqc 72 1

p+3Hp+ =—
3M2

1. ]
—Ep°+ W s
[2 p PQC
(32)
driven from (18), (20). From this, we obtain the numerical value of the
quantity c, as shown in detail in the appendix:
_ quc(/’c)ai
(NE ——
Vegc(pe)at
which allows us to parametrize the axion number density at the scale
factor a > a,, (or p=¢ < p,), as

~0.37¢ + 1.79, 33)

3
Veoc(9) ) i
Vch(ﬂg)
where Vpoc(9) is the inflaton energy density at the scale factor a corre-
sponding to p = ¢. Assuming that reheating is complete for Vpoc(dry) =
g*zrzT; /30, we obtain the PQ number abundance Y, at the reheating
temperature Ty by

_3
nyg(d) = ny, c\* ( 34)

T, _3n
y= 10TRID o 55107 s Do (35)
s(Try) M;’)

In our scenario for the KSVZ axion, the reheating process can oc-
cur due to the inflaton decays into the extra heavy quarks or RHNs,

and the SM are not large enough [26]. However, we assume that the inflaton
condensate remains homogeneous during reheating and focus on the perturba-
tive decays of the inflaton in our work. It would be worthwhile to perform a
more dedicated analysis of the inflaton fragmentation in a future work.

¢ — QQ° or NN, through the Yukawa couplings in Eq. (7), as far as
they are allowed kinematically. We assume that reheating is dominated
by the decay process ¢ — QQ°, whereas the mass of RHN is already
constrained by the cogenesis condition as in Eq. (13), setting a lower
bound of the reheating temperature. We note that the inflaton effective
mass is my(t) = /V" (¢o(1) = \/%(1:0(1) at a given scale (time) a(t) for
the quartic inflaton potential, whereas the masses of the fermions are
m(t) = yfq.')(t)/\/z for f = Q and N. Here, we note that ¢(t) = ¢y ()P (t)
where P(1) is a periodic function that crosses zero [14]. While the enve-
lope of the inflaton field, ¢,(r) (“a slowly varing envelope”), red-shifts
as ¢(t) « 1/a(r), the highly oscillating modes of the inflaton with the
frequency E,(t) = 0.5nm(#) can decay into fermions f if E,(t) > 2m /(7).
Furthermore, even the zero mode of the inflaton field can decay into
fermions as the inflaton field approaches zero. Then, the time averaged
decay rate of the inflaton over one oscillation is expressed in terms of
an “effective coupling” y; ¢y [25]:

2 2

N y 4m

. - ( f'eff) my(0), V% = 05aR)Y;, R= <_f >
T \/5 k mg

INOE

$(H=¢y
(36)

where N, is the number of degrees of freedom. In the two limits of R,
we have

1
a(R) ~ 1
0.5R™2

For our analysis, we extend the first expression to R = 1, and the second
expression is reliable for R > 3. In the intermediate region 1 < R < 3,

R<x1
R>1

37

1
we took a(R) = Min(1,0.5R™2). Combining (37) with our approximate
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. A
relation pry(Try) = pg(drp) = T¢¢4RH’ we get

2 1/4
Vfeff Ao >
Tey = 1.5x 100 Gev( 2= ) (=2 ) 38
RH (10—4> (10—11 (38)

which agrees well with a rigorous analysis [25].
4. Parameter space for the PQ cogenesis

In Fig. 1, we show regions of the successful cogenesis in the param-
eter space of the Yukawa coupling of the extra heavy quark y, and the
cutoff scale A for two different values of f, = 103 GeV and 108 GeV.
The orange and yellow regions represent R < 1 and R > 1, respectively.
The maximum value of y,, is taken to be 103 above which the one-loop
correction to Aq, becomes bigger than the tree-level value. On the other
hand, we assume that the inflaton decays into extra heavy quarks are
dominant processes for reheating, so the lower limit on y, = yy is indi-
cated in the blue-dashed line. The region above the upper-left boundary
of the yellow region, which satisfies R > 1, is excluded, because reheat-
ing cannot occur as the inflaton settles down to the true vacuum, ¢ ~ f,,
and the decay channel is kinematically closed for y, > \/2¢. We also
note that the upper boundary of the yellow region is given by A < M.

Moreover, in Fig. 1, we also indicate the regions allowed by the suc-
cessful cogenesis in orange, green, and brown horizontal lines, for the
dimensions of the PQ-violating potential, n = 9, 10, and 11, respectively.
The correct axion relic density, the cogenesis condition as well as infla-
dVoge  dVeou

dé d¢ ’
each case. Thus, as the dimension of the PQ-violating potential increases
(or from bottom to top), the consistent parameter space for the Yukawa
coupling of the extra heavy quark decreases. We note that there is no
consistent parameter space in the right plot of Fig. 1 for n =10,11, in
contrast to the left plot of Fig. 1.

The maximum reheating temperature and the corresponding field
value ¢y are given by

tion condition, are satisfied above the horizontal line for

Mp\? Mp\?
TRHzl.ZXlOG(TP> GeV, ¢RHz6.7><108<TP> GeV, (39)

respectively. We note that ¢py < p, = Mr in the region of our interest

Veg
A > 107 GeV.
Our final result is presented in Fig. 2 showing the regions of cogenesis
in the parameter space of (A, f,). The allowed regions are found only for
PQ-violating potentials Vpqy with dimensionalities n = 9, 10, and 11 cor-

responding to the areas in orange, green, and brown, respectively. The
dVooc

upper-left boundaries are determined by the inflation condition,

dl;%. Inflaton decays to extra heavy quarks govern the reheating pro-
cess, depending on the Yukawa coupling of the extra heavy quark, which
is restricted to yy < yp < 1073, The blue line indicates R = 1; the region
to its left (right) corresponds to R <1 (> 1). The upper-right bound-
aries are set by the condition whether the reheating can occur. We also
find that the cogenesis requires the values of the PQV couplings to be
in the ranges of 107%¢ < 4y < 10™%3 and 107%! < 1,, < 107, for all the
choices of y, in Fig. 2, and 107 < 4;; $ 1077 for yo = 1073,10733 in
the upper panel of Fig. 2. We note that for n < 8, the axion quality in
(30) constrains the PQ-violating potential more strongly so the result-
ing PQ number density is not sufficient for a successful cogenesis. On
the other hand, for n > 11, the PQ-violating potential is constrained by
the inflaton condition similarly as in the case with n < 11, but it is more
suppressed at the end of inflation due to a sub-Planckian inflaton field
value, resulting in a smaller PQ number density.

5. Conclusion
In this work, we have investigated a minimal extension of the KSVZ

axion model to simultaneously explain the dark matter abundance and
the baryon asymmetry of the Universe. To resolve the tension between

Physics Letters B 877 (2026) 140460

the standard spontaneous baryogenesis mechanism and the overproduc-
tion of axion dark matter, we incorporated the seesaw mechanism into
the Peccei-Quinn sector. This setup allows for spontaneous leptogenesis,
where a B — L asymmetry is generated near the seesaw scale and subse-
quently converted into the observed baryon asymmetry via electroweak
sphalerons. We also addressed the origin of the initial kinetic misalign-
ment required for this scenario by identifying the PQ field as the driver
of inflation. Within the framework of pole inflation, the radial compo-
nent of the PQ field plays the role of the inflaton, while the angular
degree of freedom (the axion) acquires a large initial velocity through
higher-dimensional PQ-breaking operators at the end of inflation. Our
analysis demonstrates that the cogenesis of baryon asymmetry and dark
matter is indeed viable in this framework. Although the allowed region
is found to be quite limited: f, = (4 — 9) x 108 GeV, our results suggest
that the QCD axion, coupled with the seesaw mechanism and pole infla-
tion, remains a compelling candidate for solving the strong CP problem
while providing a unified origin for the matter content of the Universe.
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Appendix A.

In this appendix, we consider the evolution of p,, right after inflation.
To that, we solve the equation of motion of the non-canonical p field
numerically. From the Lagrangian in (18), we get

. 1dE p? 1 dVeqc >
p=—|z—=—+ = +3H)p (A1)
<2 dp E(p) E(p) dp

where

2
14066 - DLy

B(p) = 3 (A.2)
_r 2
(1-¢)
At the end of inflation, the Hubble parameter is defined by
a1 1 (o
T (55007 + Veoc(0)] (A.3)

where H? ~ VPQC/3M12,. Together p, ~ 0.732/\/E and (28), we deter-
mine p, by using

Voge [ ap\? 1
N — — | —, A4
? dp <0¢> 3H A9

which sets the initial condition for the numerical evolution in (A.1). In
Fig. A.1, we show the asymptotic values of ¢y defined in (33) for ¢
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7=9 ¢=10

Fig. A.1. Time evolution of ¢, for { =1,2,..., 10, appearing in Eq. (35). The plots show that ¢, rapidly converges to a constant value for a given ¢. Here, wt = 10
with w = 10'! GeV, and ¢, is the time at the end of inflation. The red and blues lines indicate the times when p = p,/10 and p = p. /20, respectively.

=1,2,...,10, when p < p, = 4z

P/l

These reference times when p=
Ve¢

0, p./20, indicate the onset of the regime where the non-canonical

factor becomes Z(p) ~ 1 and the background evolution is radiation-like.
We find that the asymptotic value of ¢, is well approximated by a linear
function of ¢,

ey = 0.37¢ +1.79,

(A.5)

from which we get the numerical results for the PQ number within
O(10%).
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