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Axion as pseudo Nambu-Goldstone boson

• Well motivated in particle physics to solve strong CP problem

• Good candidate for dark matter

• Naturally light due to the protection of shift symmetry

• A long-range fifth-force mediated by axion?
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Axion force at tree level

• Tree-level axion force is always spin dependent

• Cannot lead to observable effects between unpolarized objects
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How to get a spin-independent force? At least at one-loop level



Axion force at one-loop level

• Shift-invariant interaction
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Order 𝟏/𝒓𝟑 is cancelled due to shift symmetry 
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• Shift-symmetry-breaking interaction

L ⊃
∂µa

fa
ψ̄γµγ5ψ +

µ

f2
a

a2ψ̄ψ
for r ≪ m−1
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Grifols & Tortosa, PLB (1994)

Shift symmetry breaking enhances the two-axion force:

𝟏/𝒓𝟓 → 𝟏/𝒓𝟑

for r ≫ m
−1

a
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−2mar

Order 𝟏/𝒓𝟑 is cancelled due to shift symmetry 

Ferrer & Nowakowski, PRD (1999)

Bauer & Rostagni, PRL (2024)
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Order 𝟏/𝒓𝟑 is cancelled due to shift symmetry 

Is it possible to get a 𝟏/𝒓  axion force?

Yes, adding the axion background!
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Shift symmetry breaking enhances the two-axion force:

𝟏/𝒓𝟓 → 𝟏/𝒓𝟑



Coherent enhancement from axion background

NP

NP

 1

 2

a

a

NP

NP

 1

 2

a
bkg a

in vacuum in axion background

8

i

k2 −m2
a

→

i

k2 −m2
a

+ 2πδ
(

k2 −m2

a

)

f(k)

extra term ∝ number density



Coherent enhancement from axion background

NP

NP

 1

 2

a

a

NP

NP

 1

 2

a
bkg a

in vacuum in axion background

9

i

k2 −m2
a

→

i

k2 −m2
a

+ 2πδ
(

k2 −m2

a

)

f(k)

extra term ∝ number density

A similar effect also exists for neutrino force 

in the Standard Model, see [2209.07082]  



Background axion force: general form

10

Vbkg(r) ∼
na

4π
×

1

r
×

m1m2

f4
a

×

order parameter

background scale
× decoherence factor



Background axion force: general form

• Why 𝟏/𝒓	: one propagator is on-shell (classical effect)
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Background axion force: general form

• Why 1/𝑟	: one propagator is on-shell (classical effect)

• Why need shift symmetry breaking: nonzero classical field value
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Background axion force: general form

• Why 1/𝑟	: one propagator is on-shell (classical effect)

• Why need shift symmetry breaking: nonzero classical field value

• Why ∝ number density: coherent effect

• Decoherence region: more suppressed than 𝟏/𝒓 at 𝒓 > 𝟏/𝒌 ∼ 𝝀𝐝𝐁
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Background axion force: general form

• Why 1/𝑟	: one propagator is on-shell (classical effect)

• Why need shift symmetry breaking: nonzero classical field value

• Why ∝ number density: coherent effect

• Decoherence region: more suppressed than 1/𝑟 at 𝑟 > 1/𝑘 ∼ 𝜆#$
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How to break shift symmetry?

Ø 𝑚% ≠ 0

Ø Explicit breaking  𝑎& 2𝜓𝜓

Ø Background effect  𝑘 ≫ 𝑚%
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Explicit shift symmetry breaking
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Explicit shift symmetry breaking
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• Decoherence region 𝑟 > 1/𝑘 ∼ 𝜆#$, oscillation kills the leading 1/𝑟 term 
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Index 𝒏 depends on specific background



Why no exponential suppression for 𝑉𝐛𝐤𝐠?
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Vacuum vs. background axion force
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Probe axion force via fifth-force experiments
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Assume axion is dark matter, and satisfies boosted 

Maxwell-Boltzmann distribution in the local galaxy

fBMB(k) = na (2π)
3/2

κ−3
0 e−|k−mava|

2/(2κ2

0
)

momentum dispersion: κ0 ∼ mava with va ∼ 10−3

coherent length: λdB ∼ 1/κ0 ∼ 103/ma

The coherent length can reach macroscopic scale 

⇒	 a real 𝟏/𝒓 potential !



Probe axion force via fifth-force experiments
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Take home message
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• Axion background provides a long-range 1/𝑟 potential at one-loop level

• Enhanced by the large occupation number of the background 

• Much more significant than vacuum axion force, can be probed by fifth-force experiments

• This effect is even more significant in the early Universe

Thank you for your attention!


