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QCD axion dark matter
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Focus on QCD axions that solve the strong CP problem

QCD

QCD=C
P

!?
Two main classes of models:

DFSZ KSVZ

SM quarks

Heavy quarks

PQ charge
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Misalignment mechanism
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Post inflationary
• random misalignment

• cosmic strings

ma = 1 − 100 μeV

[1809.09241]
[2108.05368], [2007.04990], 

[1708.07521], [1412.0789]

⇤

✓ = 0

QCD

QCD

fPQ
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Domain wall number

4

In general, 

NDW = 1

NDW > 1
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Strongly interacting relics
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Q produced in the early universe through freeze-out


They form stable hadrons


 
Their abundance is extremely constrained


Solution: they must decay into SM quarks

Q
Q

SM

Q

Q
Q  Q

nQ

nb
< 10−20 Perl et al (2009)

τQ < 10−2 s [1610.07593]
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Viable models
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QCD axion dark matter models must satisfy:


1. 


2. Q couple to SM q through operator of 


3. 


Only two possibilities:


• KSVZ-I: 


• KSVZ-II: 

NDW = 1

d ≤ 5
fa = 5 × 109 − 3 × 1011 GeV

Q ∼ (3, 1, − 1/3)
Q ∼ (3, 1, 2/3)
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Heavy quark couplings
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KSVZ-I:

Mass mixing between heavy & SM quarks

Q
d
s
b
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Flavor-violating Higgs couplings

8

SM quark masses not aligned with Higgs couplings
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Mixings have to be  θQq ≲ 0.1 − 0.01
Q
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Axion-quark couplings
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Before mass mixing:

After mass mixing:

Q̄
a

Q

q̄
a

q′￼

θQq

θQq′￼

Large flavor-violating coupling to quarks
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Flavor-violating axion couplings
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Induce rare decays and other processes

u
u

s̄ d̄
a

K+ π+

BR(K+ → π+ a) < 7.3 × 10−11E949, NA62, KOTO:
[0709.1000], [2011.11329]

fa ∼ 1010 − 1011 GeV

Probe QCD axions with

well into the DM range
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QCD axion parameter space
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QCD axion parameter space
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QCD axion parameter space
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QCD axion parameter space
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Conclusions
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• Viable QCD axion DM: KSVZ-I and KSVZ-II


• Flavor-violating axion-quark couplings


• Discover QCD axion DM through  K → π + a
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Conclusions

12

• Viable QCD axion DM: KSVZ-I and KSVZ-II


• Flavor-violating axion-quark couplings


• Discover QCD axion DM through  K → π + a

Thanks!
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Backup
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Heavy quark couplings
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KSVZ-I:

Quark mass matrix:

Mass mixing between heavy & SM quarks
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Flavor-violating Higgs couplings
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SM quark masses not aligned with Higgs couplings
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Limit the size of the flavor-violating axion couplings
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Axion-quark couplings
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Before mass mixing:

After mass mixing:

Small Large
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Flavor-violating axion couplings
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Induce rare decays and other processes

u
u

s̄ d̄
a

K+ π+

BR(K+ → π+ a) < 7.3 × 10−11
E949, NA62:

[0709.1000], [2011.11329]

fa/θ2 [GeV]

sd
cu

bd
bs

[2002.04623]
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KSVZ-II: down-type quarks

22

10°6 10°5 10°4 10°3 10°2 10°1 100

ma [eV]

10°5

10°4

10°3

10°2

10°1

100

Ø Ø (
C

R a
) d

d0
Ø Ø

≠a = ≠DM

(misalignment) SN1987a

K +
!

º +
+

a

B +
!

K +
+

a

B +
!

º +
+

a
Re CK

Im CK

CBs

CBd

107108109101010111012
fa [GeV]

sd

bd

bs



Gonzalo Alonso-Álvarez (McGill) Pheno 2023, Pittsburgh, 09/05/2023

KSVZ-II: up-type quarks
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