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Intro. θ̇ → Fermion Asymmetries Fermion Asymmetries → θ̇ Axiversegenesis Summary Back Up

The Matter Coincidence Problem

• A curious pattern

: why DM/baryon
abundances so close?†

• SM: Dimensional transmutation →
exponentially sensitive to UV.

• DM: Wide span of scales in any
mechanism.

• Their ratio could span orders of magnitude. Yet, it’s O(1). Coincidence?
• nγ/nb ∼ 1010: even interaction wont guarantee similar abundances.
• Strongest hint for DM-SM interaction. Solutions can drive searches.
• Axion is a motivated DM candidate. An axion cogenesis model?††

† No, I don’t think anthropics really works — it is not a satisfying answer either.

†† Proposal: An axion’s main competitor should be called a Nelson.
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Contributions to Fermion Asymmetries

We write down the Boltzmann equation for SM fermion asymmetries, in the
presence of time-varying QCD axion θ.

• Sphalerons.

• Active at the high temperatures.

• 2-to-2 scatterings with Higgs.

• Only act as wash-out terms.
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Baryon Asymmetry from Axion Rotation

• θ̇ is the only source term.

• ni ∝ θ̇.

YB ∼ 10−3 θ̇

T

∣∣∣
T→TEW

Upshot : θ̇(TEW) ≈ 5 keV → YB ≈ 9× 10−11

In this talk we focus on IR dynamics.

Generating this velocity requires PQ violation: quality problem.
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Asymmetries Backreaction on Axion: Friction

θ̈ +

(
3H +

Υc

f2
a

)
θ̇ = 0

• Sphaleron and fermion asymmetries give rise to a friction on the axion.

• In SM this asymmetry is very small: thanks to the small up-quark mass.†

• θ̇(TEW) ∼ 5 keV: sustained to low T and overproduces axion DM.

• A new confining sector can have the suitable friction!††

† The slender somehow overwrites the hefty, heroically dragging their combined effect into irrelevance.

†† Conjecture: There is no problem in life that can’t be solved by a new confining force.

5 / 10
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Axiogenesis in the Axiverse

L ⊃ αc
8π
G̃cGc

(θ1 + θ2 + θ3)

+
αd
8π
G̃dGd

(θ2 + θ3)

+ V /PQ

(θ3)

• Axiverse: String theory naturally gives rise to many axions in the IR, with
varying degrees of quality.

• Three sources of potential → three independent axion directions.
• (2 axions is enough too.)

• θ3 starts rotating in higher temperatures.

• The new group couples and dissipates energy out of θ2,3.

V = χc (1− cos(θ1 + θ2 + θ3)) + χd (1− cos(θ2 + θ3)) + V /PQ(θ3)

• Solves the strong CP problem + a cogenesis model.

6 / 10
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Evolution below TEW

We solve EOMs numerically. Evolution below TEW: (θ3 identified with θ2).

0 = θ̈1 + 3Hθ̇1

+
χc
f2

1

sin(θ1 + θ2) ,

0 = θ̈2 + 3Hθ̇2

+
Υd

f2
2

θ̇2 +
χd
f2

2

sin θ2 +
χc
f2

2

sin(θ1 + θ2).

T χd < T
T χc < T < T χd

T ~ T χc T < T χc

† LLMs doubled my productivity by creating these figures.
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We Further Need Dark Quarks

• Have to deplete the energy from the dark
glueballs.

• Heavy vector-like quarks with SM charges to
enable dark glueball decay:
mΨ ∈ (0.1, 10) TeV thanks to collider and
BBN bounds.†

• Λd ∈ (1, 10) GeV thanks to friction and BBN
bounds.

GB

q

q

q q

† Could possibly use dark photons instead, for that extra shimmer every respectable paper had in 2010s.

8 / 10
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† Could possibly use dark photons instead, for that extra shimmer every respectable paper had in 2010s.
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Parameter Space

• Part of the viable parameter space.†

• All fs equal, Λd GeV, UV
potential parameter fixed.

• QCD axion makes up bulk of DM
today — can be anywhere on the
QCD line.

• Other two constitute a
sub-component of DM today.

• Blue region: viable space roughly
fixed (thanks to friction and glueball
bounds).

• We have signals at colliders too.
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† Turns out simulating three non-linear coupled oscillators is difficult!
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Summary

Coincidence problem is a strong guide for BSM model-building.

A vector-like confining sector and multiple axions from the axiverse solve the
quality and the overclosure problem of the minimal axiogenesis model.†
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Defines new correlated targets for experiments (in collider and cosmology).
THANK YOU!

† We have a UV completion that solves the flatness and fragmentation problems as well.
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Back up

• Evidence For DM

• Coincidence vs Cogenesis

• θ̇ as CS Chemical Potential

• Fermion Contribution to Free Energy

• Finite T Effects in Chirality flipping

• Friction and Kinetic Misalignment

• Susceptibility

• Quarks and Glueballs

• Other Scenarios

• UV Completion
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Evidence for DM
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Coincidence vs. Cogenesis

• Coincidence models 6= Cogenesis models!
• Is the ratio of abundances generically O(1)?

• We put forward a cogenesis mechanism -
future step: coincidence.

• Do any of motivated DM models fit in a
cogenesis setup?

• Let’s explore this in QCD axion DM models.

Cogenesis

Coincidence

13 / 10



Intro. θ̇ → Fermion Asymmetries Fermion Asymmetries → θ̇ Axiversegenesis Summary Back Up

CS Chemical Potential
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Fermion Asymmetry and Free Energy

∂tNCS = Γ+ − Γ− ,
Γ+

Γ−
= e−∆F/T , Γsph ≡

Γ+ + Γ−
V

,

<latexit sha1_base64="V/rgVjXKKpOGrpcckutRlIRP5r0="></latexit>

∂µj
µ
i = NG

i

α

8π
GaµνG̃

µν, a δni =
NG
i

V
× δNCS

Fi ∼
∫

d3k

(2π)3

[
log
(

1 + e−(E−µi)/T
)

+ (µi → −µi)
]

Fi ⊃
3V

giT 2
n2
i =⇒ ∆Fi = 12NG

i

ni
giT 2
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Boltzmann Equations for Asymmetries

• θ̇ is the only source term.

• ni ∝ θ̇.

YB ∼ 10−3 θ̇

T

∣∣∣
T→TEW

Upshot : θ̇(TEW) ≈ 5 keV → YB ≈ 9× 10−11

This veloctiy will be generated
by PQ violation in the UV. In

this talk we focus on IR
dynamics.

For LH quarks:

ṅqg + 3Hnqg = 3κch,u min(α3, y
2
ug)T

(
−nqg

6 −
nūg

3 −
nH
4

)
+3κch,d min(α3, y

2
dg

)T
(
−nqg

6 −
nd̄g

3 + nH
4

)
+9

2
Γw
T 3

(
− cW

3 θ̇T
2 −∑g′(nqg′ + n`g′ )

)
+2 Γc

T 3

(
−1

2 θ̇T
2 −∑g′(nqg′ + nūg′ + nd̄g′ )

)
qg → (ūg, d̄g, ēg, `g)
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Friction and Kinetic Misalignment
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Susceptibility
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Quarks and Glueballs
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Other IR Scenarios

We can have a different boundary condition at TEW.
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Speculation on a High-Quality UV Completion

V = χc (1− cos(θ1 + θ2)) + χd (1− cos(θ2)) + V /PQ(θ2)
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Speculation on a High-Quality UV Completion

• V UV
/PQ ∝ e−MRUV ∼ 1: large PQ breaking.

• RUV is away from the equilibrium point of
the Goldberger-Wise mechanism.

• Branes are pushed to the GW equilibrium at
RIR.

• V IR
/PQ ∝ e−MRIR � 1: negligible PQ breaking.
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