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Strong CP puzzle and axions
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Explains
the large
η’ mass

Non-trivial QCD topology: Quark-Higgs Yukawa couplings:

We know they are complex.

from K and B physics

0CKMδ ≠

Neutron EDM implies: 10arg det arg deY Yt 10uC dθ θ −≡ − − <

Origin of the strong CP puzzle - in a few words
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Add to the usual massless QED a neutral complex scalar field:

Toy model for a “QED axion”
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Free parameter α due to the conserved fermion number.
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The            symmetry is spontaneously broken: 
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The Goldstone boson shift symmetry permits to rotate    away.θ⇒



Linear representation for the scalar field:

First representation: Linear
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Polar representation for the scalar field:
1 ( )exp( / )
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spans the vacuum., va a θσ σ→ → +

Non-linear representation of           :(1)PQU

No longer manifestly renormalizable:



Polar representation for the scalar field:
1 ( )exp( / )
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v ai vσφ = +

Second representation: Polar

but    can easily be integrated out:σ

spans the vacuum., va a θσ σ→ → +

( )5/
4 2

eff
polar

ia vF F i m
a a

eDν
µ

µµ
µν

γθα ψ ψ
π

= +
∂

+
∂

− 

Strong CP & axions 4/5

Non-linear representation of           :(1)PQU

No longer manifestly renormalizable,



Polar representation for the scalar field:
1 ( )exp( / )
2
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Third representation: Derivative

Derivative representation:
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but    can easily be integrated out:σ

spans the vacuum., va a θσ σ→ → +

Non-linear representation of           :(1)PQU

No longer manifestly renormalizable,



CS, ‘23

Fermionic couplings



Axion-fermion interactions in the non-relativistic limit

Fermions  1/6

AxioelectricAxion wind

( )wind aa t ψ= ⋅S p

 Spin-precession experiments.  Ionization by solar axions.

( )axioele tc a t ψ ψ∂= ⋅S p

Dimopoulos et al. ’85, Avignone et al. ‘86
Pospelov,Ritz,Voloshin ‘08
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Derivative representation:

Foldy-
Wouthuysen
unitary rotations
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Polar representation:
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Axion-fermion interactions in the non-relativistic limit

Derivative representation:

Foldy-
Wouthuysen
unitary rotations

Foldy-
Wouthuysen
unitary rotations



Fermions  1/6

5

der i m
m

µ
µγ γ

ψ ψ
π 

= − +  
 
∂

∂


52 5
0 3

2
{ , } (

2 2
)NR

d r
t

e m m
m m m

γγ πγ π −  ⋅⋅
= + + + +

∂



∇



γ pp γ
 

( )52lin i m iπψ ψγ= − −∂

52 5

2

2
0 3{ , }2 (

2 4
)NR

lin
tm m

m m m m
γ ππ π γγ −  ⋅⋅

= + + − + + 


∂∇



γ pp γ
 

Equivalence could 
not be achieved...Linear representation:

Pion-nucleon interactions in the 60s

Derivative representation:

Dyson ‘48
Case ‘49

Berger,Foldy,Osborn ‘52
Wentzel ‘52

…
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For Goldstone bosons, 
equivalence must hold!

Polar representation:

Axion-fermion interactions in the non-relativistic limit

Derivative representation:



Reparametrization invariance via unitary rotations
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∇p γ
  Thus, we can choose:

For neutral fermions: Screening of the axioelectric operator!
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0, 0iS mγ =  
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Kills the total time derivative operator
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Schiff’s theorem

Fermions  3/6

Schiff, ‘63

Dirac equation with EM fields in the non-relativistic limit:
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With the unitary transformation                            :5( / )S i di e γ= − ⋅γ P
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For charged fermions: Screening of the EDM coupling. 
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Schiff, ‘63

Dirac equation with EM fields in the non-relativistic limit:
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Axion-charged fermion interactions in the non-relativistic limit

Fermions  4/6
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Axion-induced EDMs encode all the effects!
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Axion-induced EDMs encode all the effects!

Fermions  5/6
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Phenomenological consequences of the axionic EDM

Axioelectric effect originates from the EDM operator:

Fermions  6/6
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Pospelov,Ritz,Voloshin ‘08
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Phenomenological consequences of the axionic EDM

Axioelectric effect originates from the EDM operator:

Leading EDM for charged leptons and quarks:

Fermions  6/6
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ae γ ⋅γ E φ= −∇EFor bound electrons,               with              gives the usual result. 

Limit on        close to the QCD axion, holds for                             .

Pospelov,Ritz,Voloshin ‘08

Future limits on        could reach the QCD axion up to                   . 
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Gauge-boson couplings

Quevillon, CS, ‘19

Quevillon, CS, Vuong ‘21



Typical Axion effective Lagrangian

All this seems ok... but actually there is a serious ambiguity issue!
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Anomalous couplings to gauge bosons:

Derivative couplings to fermions (and other PQ-charged fields):
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Problem: The fermion PQ charges are ill-defined

Scalars have well defined PQ charges, but fermions do not:
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Free parameters reflects the conservation of Ψ, ,  numbers.
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Consequence: Ambiguous DFSZ Axion couplings for SM gauge bosons

Both manifestly                        symmetric, both ambiguous!(2) (1)L YSU U⊗
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Anomalous couplings to gauge bosons:

Derivative couplings to SM fermions:
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Not ambiguous, but does not match       : 
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Axion couplings in the polar/linear representation (= THDM!!!)

em L Y= +   ( )0 1 2
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Consequence: Ambiguous DFSZ Axion couplings for SM gauge bosons
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Gunion, Haber, Kao ‘91



Solution: Violations of Sutherland-Veltman theorem
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Solution: Violations of Sutherland-Veltman theorem
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 and  violations

Quevillon, CS, ‘20

Arias-Aragón, CS, ‘22
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Shin ‘87 
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- In general, SSB along two combinations of  and  only.
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Resonant              if                                   (precisely!)

(see Fornal, Grinstein, ’18)

(Kind of similar to Barbieri, Mohapatra ’81)

(Very similar to Reig, Srivastava, ’18)



Conclusion
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Book the date!

Workshop + minischool with the lectures: 

Symmetries and anomalies (F. Delduc, ENS Lyon), 
Strong CP puzzle (M. Goodsell, LPTHE), 
EDM searches (Chen-Yu Liu, Indiana), 
Axion physics at low-energy (G. Villadoro, ICTP)
Axion cosmology (A. Ringwald, DESY)

2023:

2018:

2020: 

Gauge couplings: 

The axion mechanism is currently the best solution to the strong CP puzzle!

But its theoretical description still brings some surprises:

Not driven by the anomaly.

 and  violation:   Unified and sponaneously broken along with PQ?

Fermion couplings: Axions induce EDMs for electrons, neutrons,...

Axions++ in LAPTH, Annecy, September 25-28.

Follow-up meeting unfortunately cancelled...


	Axion interactions
	Diapositive numéro 2
	Diapositive numéro 3
	Diapositive numéro 4
	Diapositive numéro 5
	Diapositive numéro 6
	Diapositive numéro 7
	Diapositive numéro 8
	Diapositive numéro 9
	Diapositive numéro 10
	Diapositive numéro 11
	Diapositive numéro 12
	Diapositive numéro 13
	Diapositive numéro 14
	Diapositive numéro 15
	Diapositive numéro 16
	Diapositive numéro 17
	Diapositive numéro 18
	Diapositive numéro 19
	Diapositive numéro 20
	Diapositive numéro 21
	Diapositive numéro 22
	Diapositive numéro 23
	Diapositive numéro 24
	Diapositive numéro 25
	Diapositive numéro 26
	Diapositive numéro 27
	Diapositive numéro 28
	Diapositive numéro 29
	Diapositive numéro 30
	Diapositive numéro 31
	Diapositive numéro 32
	Diapositive numéro 33
	Diapositive numéro 34
	Diapositive numéro 35

