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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
V(a) = pg[1 —cos(a/fa)] = ma=p3/fa

A long-range fifth-force mediated by axion?
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« Cannot lead to observable effects between unpolarized objects
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« 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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Axion force at one-loop level

« Shift-invariant interaction o
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Vaa(1) ~ 1/(f2r®)  Grifols & Tortosa, PLB (1994)
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Order 1/73 is cancelled due to shift symmetry
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« Shift-symmetry-breaking interaction
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Shift symmetry breaking enhances the two-axion force:
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Ferrer & Nowakowski, PRD (1999)
Bauer & Rostagni, PRL (2024)
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Axion force at one-loop level

« Shift-invariant interaction o

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: . o Nowakowski, PRD (1999)

1/r° - 1/13 Bauer & Rostagni, PRL (2024)



Coherent enhancement from axion background

in vacuum in axion background
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Coherent enhancement from axion background

1In vacuum

in axion background
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Background axion force: general form
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Background axion force: general form

n 1\ mimse order parameter
Vike (7) - ><>>< X x decoherence factor
r

e fa background scale

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

4w r background scale

n 1 mlmg order parameter
Vikg (1) ~ — X = decoherence factor

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

 Why need shift symmetry breaking: nonzero classical field value
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@ 1 mimeo order parameter
kag(’l“) ~ X X X

— x decoherence factor
A4t 7 4 background scale

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

« Why need shift symmetry breaking: nonzero classical field value

« Why < number density: coherent effect
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Background axion force: general form

P

ne 1 mimo  order parameter
Viro (1) ~ — X = X X x(decoherence fac
bles () A7 1 fa background scale
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Why 1/r : one propagator is on-shell (classical effect)

Why need shift symmetry breaking: nonzero classical field value

Why o« number density: coherent effect

Decoherence region: more suppressed than 1/ratr > 1/k ~ A4
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Background axion force: general form 7
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Vikg (1) ~ Z—; X . X m}?Z X l?;clj;rii?;nsec;z x decoherence factor \ ,'Y

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

Why need shift symmetry breaking: nonzero classical field value

Why o« number density: coherent effect

Decoherence region: more suppressed than 1/ratr > 1/k ~ A4
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How to break shift symmetry?

» m, 0
> Explicit breaking a?y

» Background effect k > m,
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Explicit shift symmetry breaking
bkg a
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Explicit shift symmetry breaking

2 d’k f(k
Vbsll(ﬁft (r;p) = _47T/j“fél / (27r)3 J;i?k) [cos(|k|r —k-r)+cos(|k|r+k-r)]

decoherence factor

« Coherent limit r « 1/k, cosine terms — 1, we get a 1/r potential
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effective number density
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« Coherent limit r « 1/k, cosine terms — 1, we get a 1/r potential LD %ﬁv“v% + %aQ
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effective number density

» Decoherence region r > 1/k ~ A4g, oscillation kills the leading 1/r term

:uz ﬁa 1 >\dB "
kag("“) = _47Tf4 X . X - X . Index n depends on specific background
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Why no exponential suppression for V,?

1 —1 Fourier transform e~ T
vacuuil : S 5 — 5 5
qc —m q°+m r
propagator in vacuum is off-shell
1 —1 Fourier transform

background : =

(k+¢)?2—-m? q?>+2k-q

propagator in background is “nearly on-shell”
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Vacuum vs. background axion force
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Assume axion is dark matter
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Probe axion force via fifth-force experiments

V(r) = Vgav(r) + Vau(r) + Vokg(r) = Virav(r) + 0V (r)

Experiments OV [ Vrav (r)
MICROSCOPE 3.8 x 1071~ 7100km
Washington2007 1.8 x 1071 ~ 6400km
Washington1999 3.0 x 1079 ~ 0.3m

Irvinel1985 7x107°  2—b5cm
HUST2012 1073 ~ 2mm
Eot-Wash2006 2x 1073 ~ 0.5mm
HUST2020 3x1073 ~ 0.3mm
Washington2020 ~1 52pum
Future levitated optomechanics ~ 104 1pm
IUPUI2014 2.7 x 107 560nm

Assume axion is dark matter, and satisfies boosted

Maxwell-Boltzmann distribution in the local galaxy
L) — 9 3/2 -3 —|k—mg,va|?®/(2K3)
femB(k) = ng (2m)7 " Ko7 e

momentum dispersion: kg ~ mgv, with v, ~ 1073

coherent length: \gg ~ 1/kg ~ 10%/m,

The coherent length can reach macroscopic scale

= areal 1/r potential!
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Probe axion force via fifth-force experiments

Grossman, BY & Zhou, [2504.00104]

V(r) = Vgav(r) + Vau(r) + Vokg(r) = Virav(r) + 0V (r)

10|17 10|14 10.11 1(|)8 Ad 1[(IJr5n] 1(|)2 10:1 10:4
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Experiments OV [ Vrav (r) Refs / 4 i /
MICROSCOPE 3.8 x 1071 ~ 7100km [64] g0 L _ vacuum axion force ,"
Washington2007 1.8 x 107 ~ 6400km  [65]
Washington1999 3.0x107°  ~0.3m  [66] 1073 1
Irvine1985 7 x107° 2—5cm  [67] =
HUST2012 1073 ~2mm  [68] PARUR
Eét-Wash2006 2x1078  ~05mm [69] = =
HUST2020 3 x 103 ~ 0.3mm [70] § 109 s s e e e el
Washington2020 ~1 52um [71]
Future levitated optomechanics ~ 10% 1pm [72] 107721 —— MICROSCOPE (~ 10*km)
IUPUI2014 2.7 x 107 560nm  [73] —— Washington1999 (~ 10cm)
1071 4 E6t-Wash2006 (~ mm)
= 1UPUI2014 (~ um)
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Take home message

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!
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