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Strong CP problem and QCD Axion

• The unknown of the SM: CP phase in the strong sector
• Neutron EDM sets a very stringent upper bound: θ̄ ≲ 10−10
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αsθ̄
8π

GaμνG̃aμν
The strong CP problem 

• Promote  to a field  dynamically settles the CP phase  
to the minimum.  

• Peccei-Quinn symmetry: Global U(1) that generates the axion 
as a Nambu-Goldstone boson. fa is the breaking scale.  

• Attractive dark matter candidate, typically ma<meV. 

θ̄ a/fa
QCD Axion solution

αs

8π
a
fa

GaμνG̃aμν
after QCD phase transition

⟨θ̄⟩ ≲ 10−10



Two topics on axion

-> Inspired by the superconducting qubit work [T.Moroi’s “DarQ” talk] 

-> Systematic connection from HEP to CM systems not established

• Light (dark matter) axion couple to electrons [see A.Millar’s talk]

• Heavy axion that decay to hadrons (π, K, Baryon→ma>400MeV),  
BBN:Neutron decoupling measured by 4He is significantly affected. 
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->The probing lifetime τa~0.02sec is much shorter than tBBN~1sec, 



Axion DM coupling to electrons
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Naive thought and confusions for me
If axion or bosonic DM couples to electron (at UV), 
it must change CM phenomena, such as Superconductivity at low E.  
But how? 
Naively, order parameter modulates with DM e.g.  
→Josephson energy shift→seen in Qubit?

Δ → Δ (1 + #(a/fa)2)
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• How to take a NR limit with axion or other DM? 

• How the PQ symmetry realized in NR?  
(PQ~Chiral transf, but chiral symmetry is very bad in NR) 

• How the BCS theory is understood in particle language? 

• How to convert fermion d.o.f. to a scalar dof (Cooper pair)? 
6



Axion-electron coupling down to Cooper pair
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Usual relativistic Lagrangian ℒUV(a, ψL, ψR)

Non-relativistic EFT with light field  
 

(with axion, PQ symmetry?)
ℒNRQED(ψl, a)

Foldy-Wouthuysen method  
[half fermion integrated out 
systematic 1/me expansion]

Cooper pair scalar theory  
Order parameter (~symm breaking)

ℒSC(Δ, a?)

Hubbard-Stratonovich  
transformation 
[fermion pair→scalar Δ]

BCS theory for particle physicists  
ℒNRQED + ℒ4Fermi(ψl, a?)
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Usual relativistic Lagrangian ℒUV(a, ψL, ψR)

Non-relativistic EFT with light field  
 

(with axion, PQ symmetry?)
ℒNRQED(ψl, a)

Foldy-Wouthuysen method  
[half fermion integrated out 
systematic 1/me expansion]

• Methods are not connected from UV to all the way CM 

↑This talk
Cooper pair scalar theory  
Order parameter (~symm breaking)

ℒSC(Δ, a?)

Hubbard-Stratonovich  
transformation 
[fermion pair→scalar Δ]

BCS theory for particle physicists  
ℒNRQED + ℒ4Fermi(ψl, a?)



NR limit with systematic 1/me expansion
Goal: integrate out heavy dof→NR QED

ℒQED = ψ(iγμDμ − γ0m)ψ = ψ†(iDt + iγ0γkDk − mγ0)ψ
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Goal: integrate out heavy dof→NR QED

ℒQED = ψ(iγμDμ − γ0m)ψ = ψ†(iDt + iγ0γkDk − mγ0)ψ

• Take a Dirac representation 
γ0: diagonal,   γ5 γi: off-diagonal 

γi = ( 0 σi
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• Shift the mass shell: one is massless, the other has mass 2m.
ψ → e−imtψ ψ†(iDt + iγ0γkDk − γ0m + m)ψ

= (ψ1 ψ2)† ( iDt iσkDk

iσkDk iDt − 2m) (ψ1
ψ2)

= − 2mP−



NR limit with systematic 1/me expansion
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• Remove off-diagonal, use Foldy-Wouthuysen’s method,  
systematic 1/me expansion Phys. Rev. 78 (Apr, 1950) and Phys. Rev. 78 (Apr, 1950). 

ℒQED = ψ†(iDt + iγ0γkDk − 2P−m)ψ
even odd=off-diagonal even, large

even: commute with γ0 
odd: anti-commute with γ0



NR limit with systematic 1/me expansion

9

• Remove off-diagonal, use Foldy-Wouthuysen’s method,  
systematic 1/me expansion Phys. Rev. 78 (Apr, 1950) and Phys. Rev. 78 (Apr, 1950). 
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even odd=off-diagonal even, large

ψ = e−iX0/mψ′ , ψ′ = (ψl ψh)T

Expansion generates  to remove [2mP−, iX0/m] = 2iγ0X0 iγ0γkDk

Order-by-order diagonalization [remove odd terms], odd  is introduced.Xn

Diagonal at (1/m)0

even: commute with γ0 
odd: anti-commute with γ0
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systematic 1/me expansion Phys. Rev. 78 (Apr, 1950) and Phys. Rev. 78 (Apr, 1950). 

ℒQED = ψ†(iDt + iγ0γkDk − 2P−m)ψ
even odd=off-diagonal even, large

• [(1/m) order]  generates odd  term, which is removed by e−iX0/m DtX0/m X1/m
ψ = e−iX0/me−iX1/m2ψ′  term generates   

→Schrödinger type theory
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FW method plus BSM or axion
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integrate out heavy fermion 

due to light-heavy mixing

• New physics effect ψg𝒪BSMψ → ψ′ †γ0g𝒪BSM(1 + X0/m + . . . )ψ′ 

→ ψ†
l [g𝒪BSM(1 + X0/m + . . . )][1 + g𝒪odd

BSM/(2m) + . . . ]ψl

2407.14598;  
G. Krnjaic, D. Rocha, T. Trickle

• Consider general QED+axion where θ= a/fa

ℒQED+a = ψ (iγμDμ − meic1γ5θ −
c2

2
∂μθγμγ5) ψ +

αc3θ
8π

FF̃

Fridell, Ghosh, Hamada, KT (in pareparation)
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∂μθγμγ5) ψ +
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FF̃

Fridell, Ghosh, Hamada, KT (in pareparation)

Since g~m, expansion is unclear. We treat θ~1/m: (1/m) expansion is not ruined

ℒQED+a = ψ† (iDt + iγ0γkDk − ic1mθγ0γ5 − 2P−m −
c2

2
(∂μθ)γ0γμγ5) ψ + O(mθ2)

Part of X1 (μ=0)Part of X0

X0 =
−γkDk + c1mθγ5

2
, X1 =

e
4

γ0γkF0k +
i
4

(c1 − c2)m
·θγ0γ5ψ = e−iX0/me−iX1/m2ψ′ 



NRQED with axion
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• Naively expected operator  does NOT appear. ψ†(mθ2)ψ

X0 =
−γkDk + c1mθγ5

2
, X1 =

e
4

γ0γkF0k +
i
4

(c1 − c2)m
·θγ0γ5

ℒ = (ψl
ψh)

†

(iDt − 2P−m −
γ0γkγlDkDl

2m
+

c1 − c2

2
(∂μθ)γ0γμγ5 −

1
m2

[iDt, iX1]) (ψl
ψh)

⊃ ψ†
l (iDt +

σkσlDkDl

2m
+

c1 − c2

2
(∂iθ)σi) ψl

where

Fridell, Ghosh, Hamada, KT (in pareparation)
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Fridell, Ghosh, Hamada, KT (in pareparation)

• Consistency check with KSVZ limit (c1=c2), equivalent to only aFF~ coupling 
Surprising cancellations occur at the Lagrangian level.



PQ symmetry in NR
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θ → θ − α, ψ → eic1
α
2 γ5ψ

ℒQED+a = ψ (iγμDμ − meic1γ5θ −
c2

2
∂μθγμγ5) ψ +

αc3θ
8π

FF̃

• Transformation

ψ = e−iX0/mψ′ 

ψ′ = ei X0
m ψ → ei X0

m −i c1α
2 γ5ei c1α

2 γ5ψ = ei X0
m −i c1α

2 γ5ei c1α
2 γ5e−i X0

m ψ′ 

• FW method at leading order

Fridell, Ghosh, Hamada, KT (in pareparation)

After tedious calculation

(ψl
ψh) →

1 + c1α
4m σkDk O(α2)

O(α2) 1 − c1α
4m σkDk

(ψl
ψh) Non-trivial because PQ mixes 

fermion by γ5

Leading order trans. is diagonal!!  
δψl =

c1α
4m

σkDkψl



PQ symmetry analysis for low energy operators
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• In CM systems, many operators emerge in low energy.  
E.g. strong coupling via phonon induce effective four-fermi contact term

ℒCooper =
1

Λ2
(ψlσyψl)(ψlσyψl)* Cooper channel, spin up-down pair

Fridell, Ghosh, Hamada, KT (in pareparation)
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• In CM systems, many operators emerge in low energy.  
E.g. strong coupling via phonon induce effective four-fermi contact term

ℒCooper =
1

Λ2
(ψlσyψl)(ψlσyψl)* Cooper channel, spin up-down pair

ℒ(ψ, Δ) ⊃ − Λ2 |Δ |2 + (ψlσyψl)Δ* + (ψlσyψl)*Δ
• Hubbard-Stratonovich transformation: auxiliary field Δ added in path integral

Integrate out fermion, and obtrain the theory of Cooper pair scalar field. 

ℒΔ(Δ) Theory of conventional superconductivity. 

Fridell, Ghosh, Hamada, KT (in pareparation)



PQ symmetry analysis for low energy operators
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(ψlσyψl) → (ψlσyψl)
• Now we can check the low energy operators attached with axion by PQ transf. 

PQ invariant without axion (rare)
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• How about something like  ?(ψψ)n

ψ†
l ψl → ψ†

l ψl +
c1α
4m

Dk(ψ†
l σkψl)

This suggests how axion should couple.  
[assuming PQ is still robust]

not invariant

(ψ†
l ψl +

c1θ
4m

Dk(ψ†
l σkψl))

n

PQ invariant



Heavy Axion coupling to hadrons



Axion to hadron decays
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• If it’s heavier than the standard QCD axion, ma>mπ fπ/fa 
unexplored possibility of axion for ma>MeV [B,K physics, beam-dump if fa<10TeV]  

For fa>>TeV, difficult in the ground experiments, but in cosmology. 

e.g. Y. Afik, B. Dobrich, J. Jerhot, Y. Soreq, KT;   
S. Chakraborty, M. Kraus, V. Loladze, T. Okui, KT

• Big Bang Nucleosynthesis probes long-lived particles decaying to hadrons. 
In particular 4He which is determined by neutron abundance. 

Past relevant works Gravitino
Dark photon
Higgs portal scalar
Sterile neutrinos

A. Fradette, M. Pospelov, J. Pradler, A. Ritz 1407.0993

A. Fradette, M. Pospelov 1706.01920

A. Boyarsky, M. Ovchynnikov, O. Ruchayskiy, V. Syvolap 2008.00749

M. Kawasaki, K. Kohri, T. Moroi [astro-ph/0408426];  
K. Kohr i[astro-ph/0103411]



Standard neutron decoupling (→4He)
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• Neutron weak interaction decouples  
from the bath at T~0.7MeV (t~1sec). 

• After some decays,  
neutrons convert to 4He at T~70keV

nn/np ≃ 1/7

Rate is tiny:   
neutron to proton ration: 

nν,eσv ∼ T5G2
F

nn/np ≃ 1/6

p + e− ↔ n + νe

– 10 –

H

n Y

He/H

p

3

H/H

D/H

Li/H7

Be/H7

3

Fig. 3.— Time and temperature evolution of primordial light-element abundances during the BBN

era. The solid and dotted lines indicate the results for the classical MB distribution (q = 1) and the

non-extensive distribution (q = 1.0755), respectively.
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Fig. 4.— The time-integrated fluxes for primary reactions involved in BBN, as calculated using a

non-extensive velocity distribution with q = 1.0755.

YP =
ρ4He

ρbaryon
≃

2(nn/np)
1 + nn/np

≃ 0.25

16 Matsumoto et al.

Figure 6. Comparison of our YP values with those reported in recent literature. The blue circles with errors show the 1�
confidence regions derived from He emission line analyses (Izotov et al. 2014; Aver et al. 2015; Peimbert et al. 2016; Fernández
et al. 2019; Valerdi et al. 2019; Hsyu et al. 2020; Kurichin et al. 2021) and an analysis of a quasar absorption system (Cooke &
Fumagalli 2018). The gray region shows the constraint from CMB observations with 2� confidence limit (Planck Collaboration
et al. 2020). The red circle represents our result with the 1� limit. The result with the sample from Hsyu et al. (2020) using
our likelihood function given by Equation (9) is denoted with the black circle.

To constrain ⇠e as well as Ne↵ and ⌘, we minimize

�
2(⌘, Ne↵ , ⇠e) =

(YP,obs � YP,mod(⌘, Ne↵ , ⇠e))
2

�
2
YP,obs

+ �
2
YP,mod

+
(DP,obs �DP,mod(⌘, Ne↵ , ⇠e))

2

�
2
DP,obs + �

2
DP,mod

+
(⌘ � 6.132)2

0.0382
,

(15)

allowing ⇠e, Ne↵ , and ⌘ to vary independently of each
other as input parameters of PArthENoPE. In the equa-
tion (15), in order to break the degeneracy between the
parameters, we impose a Gaussian prior of ⌘ ⇥ 1010 =
6.132 ± 0.038, which comes from the marginalized con-
straint on the baryon density by Planck Collaboration
et al. (2020) where Ne↵ and YP are treated as free pa-
rameters. Figure 9 presents 2-dimensional marginalized
constraints on the three parameters of ⇠e, Ne↵ , and ⌘.
The gray contours show the constraint obtained without
the prior of eta, illustrating a degeneracy between the

three parameters. The vertical dotted lines correspond
to the Planck measurement of ⌘. In the left two panels
of Figure 9, the gray and dotted contours intersect in a
region of the parameter spaces. With the full combined
results from the YP, DP, and ⌘ measurements, we break
the parameter degeneracy, and find

Ne↵ = 3.11+0.34
�0.31, (16)

⌘ ⇥ 1010 = 6.08+0.06
�0.06, (17)

⇠e = 0.05+0.03
�0.02. (18)

The derived ⇠e value is higher than 0 at the ⇠ 2� level.
This may be a hint of the lepton asymmetry with an
excess in the number of ⌫e to that of ⌫̄e. To realize the
universe with ⇠e ⇠ 0.05, new physics for lepton number
generation may be required (Kawasaki & Murai 2022).
As shown in the right panel of Figure 9, there is a cor-

relation between ⇠e and Ne↵ . This is because the e↵ects
of Ne↵ and ⇠e on the BBN compensate for each other.

2σ-band: 
~4%

2203.09617

1701.04149



a→hadrons alters neutron decoupling
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• Standard process  
New process 

p + e− ↔ n + νe
n + π+ → p + π0

TH Jung, T. Okui, KT, J. Wang (in pareparation)

p + π− → n + π0

p + K− → n + X

p, n + p̄(n̄) → X

p(n) + KL → n(p)

n + π+ → p + π0

π±

K±

γ

γ
γ

KL

a

n, p, n̄, p̄

~1mb

~30mb

~40mb
~10mb

Decay
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 by much higher rate (σ~fπ-2~4mb). p ↔ n
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NP Rate:  
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Updates from previous works
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• Many hadronic cross sections updated.  
Proper partial wave analysis, Coulomb correction, tedious isospin analysis

[thanks to Taehyun]

• KL was not included or assumed to be thermal.  
Account KL mom. spectrum from axion decay. 
Cross section weighted by momentum. 

11

FIG. 6. Number of meson/anti-baryon and errorbar as a function of axion mass

KL branching ratio is not enough for our purpose. We have energetic KLs interactions. Thus, we combine the KL

momenta spectrum with momentum-dependent cross-section to calculate the e↵ective cross-section averaged by the
spectrum.

We find an abnormal peak of KL spectrum in Pythia for ma . 2.5GeV. For majority of axion mass, no matter using
Pythia or Herwig, KL spectrum has a peak near KL momentum of 600MeV. However, for 2GeV axion mass in Pythia,
the peak is at 700-800MeV. The peak comes from the events that are from a direct 2 body decay of a ! K0K⇤. The
energy of K0 is determined by axion mass completely. For some reasons, Pythia doesn’t generate 3 body decay at
2GeV mass, even when it’s kinetically allowed to decay into KK⇧ at such mass. The abnormality smoothly fades
away as the axion mass increases. At 3GeV mass, the peak is at 600MeV again.

1 2 3 4 5
KL Energy [GeV]0.00

0.01

0.02

0.03

0.04

0.05
Num of KL per Axion decay

KL spectrum for Axion Decay(Pythia)(axion at rest)

ma=3GeV
ma=5GeV
ma=10GeV
ma=20GeV
ma=50GeV
ma=100GeV

FIG. 7. KL Spectrum of Axion Decay
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momenta spectrum with momentum-dependent cross-section to calculate the e↵ective cross-section averaged by the
spectrum.

We find an abnormal peak of KL spectrum in Pythia for ma . 2.5GeV. For majority of axion mass, no matter using
Pythia or Herwig, KL spectrum has a peak near KL momentum of 600MeV. However, for 2GeV axion mass in Pythia,
the peak is at 700-800MeV. The peak comes from the events that are from a direct 2 body decay of a ! K0K⇤. The
energy of K0 is determined by axion mass completely. For some reasons, Pythia doesn’t generate 3 body decay at
2GeV mass, even when it’s kinetically allowed to decay into KK⇧ at such mass. The abnormality smoothly fades
away as the axion mass increases. At 3GeV mass, the peak is at 600MeV again.
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Updates from previous works
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• Many hadronic cross sections updated.  
Proper partial wave analysis, Coulomb correction, tedious isospin analysis

[thanks to Taehyun]

• KL was not included or assumed to be thermal.  
Account KL mom. spectrum from axion decay. 
Cross section weighted by momentum. 
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TH Jung, T. Okui, KT, J. Wang (in pareparation)

• As new particles heavy >GeV, the decay products are extra radiation→Neff bound 
background cosmology modified (expansion rate is larger) Dunsky, Hall, Harigaya 

[2205.11540]



Preliminary Results
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• First study for axion hadronic decays.  

• Require ΔYp/Yp<4% (conservative) 

• ma  threshold is 3mπ~400MeV,  
Kaon matters for ma>1GeV.  

• Better than Neff bound,  
comparable to CMB-S4 projection.

✴the updates can be implemented to 
other particles  
(sterile ν, dark γ, Higgs portal)

TH Jung, T. Okui, KT, J. Wang (in pareparation)

Dunsky, Hall, Harigaya [2205.11540]



Outlook

We improved FW method to accommodate axion effect. 

Interesting cancellation in KSVZ limit. Checking with higher dim operators.  

(First?) obtained PQ transformation in NR.  
Powerful tool to find the axion coupling in various CM systems. 

• Axion predominantly couple to electrons

• Heavy axion that decay to hadrons (π, K, baryon→ma>400MeV)

21

Adopting earlier works for other long-lived particles in BBN,  
we update the methods, for KL and background cosmology.   

First study on the axion→hadrons. Lifetime bound ~0.02sec (fa~109-11GeV). 

TH Jung, T. Okui, KT, J. Wang (in pareparation)

Fridell, Ghosh, Hamada, KT (in pareparation)



Thank you!



Backup
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Figure 6. Contours of Ne↵ in the ma � ⌧ (left) and ma � fa (right) planes for E/N = 0. The dark
orange region is excluded at 95% confidence by Planck, while the light orange shows the future reach
of CMB-S4 experiment at 95% confidence. The dashed contours indicate where the initial axion yield
is uncertain because TFO lies between T�PT and TgPT. The dashed contours bound this uncertainty
by showing the value of Ne↵ taking the minimum initial axion yield while the solid contours show the
value of Ne↵ taking the maximum initial axion yield as given in Fig. 2.

Figure 7. Same as Fig. 6, but for E/N = 8/3.

earlier Primako↵ freeze-out. Moreover, the axion abundance with meson interactions follows

the dashed thermal distribution to lower temperatures than without meson interactions. This

– 18 –
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