Discovering the Axiverse via Fifth Forces

[2606.06606]
Alexander Eberhart, Martin Bauer, Francesca Chadha-Day | 11. August 2026

Durham University — Institute for Particle Physics Phenomenology 5th International Conference on Axion Physics and Experiment


https://arxiv.org/abs/2606.06606

Table of Contents

1. Motivation

2. Axion Fifth Forces
® Simple Example: Single Axion Exchange
® Double Axion Exchange

3. Axiverse Models
a Kaluza-Klein ALP
a Kaluza-Klein Maxion
® Type |IB String Theory

4. Results

5. Conclusions

Motivation Axion Fifth Forces Axiverse Models Results Conclusions
o 000000 00000 000000 o

2/21 11.08.2026 Alexander Eberhart: Discovering the Axiverse via Fifth Forces



Motivation

@ New light states can contribute to fifth forces

Motivation Axion Fifth Forces Axiverse Models Results Conclusions
L 000000 00000 000000 o

3/21 11.08.2026 Alexander Eberhart: Discovering the Axiverse via Fifth Forces



Motivation

@ New light states can contribute to fifth forces
a fifth force experiments try to measure small deviations from the four known forces
» torsion-balance experiments measure small twists in a fibre caused by forces acting on test masses

Motivation Axion Fifth Forces Axiverse Models Results Conclusions
L 000000 00000 000000 o

3/21 11.08.2026 Alexander Eberhart: Discovering the Axiverse via Fifth Forces



Motivation

® New light states can contribute to fifth forces
a fifth force experiments try to measure small deviations from the four known forces
» torsion-balance experiments measure small twists in a fibre caused by forces acting on test masses

® many theories predict multiple axions (e.g. String Theory)
» may enhance the expected force
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Basics

® Axions and Axion-Like Particles (ALPs) can couple to fermions like

N, N,
N Ouai - N a;g) -

Lin =) S Naw "N+ > <= New N
= = ij=1 "1

® At low energies, these axions generate a potential between two fermions
» Fifth Forces

1 dqg _,
V(r) = e " M(t=—q°)
3
4/\/],1,1 M¢2 (27T)
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Tree-Level Axion Exchange

® When only one axion is exchanged between two fermions, the potential is

N,
VM () = § 0 IO T

o @+ mir)
1

i=1

x §1-§2—3(§1-?) (§2-?)
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Tree-Level Axion Exchange

® When only one axion is exchanged between two fermions, the potential is

N.
\/1(Na)(r) ~ 91;16,!5;\‘/22,/ r_3 e m,r(.l +m;r)
=1 /

x §1~§2—3(§1-?)<§2-?)

® Relatively long range, with V; oc r—3
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Tree-Level Axion Exchange

® When only one axion is exchanged between two fermions, the potential is

Na

N IniONn i 1
Vi )(r)z—Z#r—se (1 4+ mir)
i=1 i

X [§1§2—3(§1?)

® Relatively long range, with V; oc r—3

@ BUT! V; is spin-dependent
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Tree-Level Axion Exchange

® When only one axion is exchanged between two fermions, the potential is

Na

N IniONn i 1
Vi )(r)z—Z#r—se (1 4+ mir)
i=1 i

X [§1§2—3(§1?)

® Relatively long range, with V; oc r—3
@ BUT! V; is spin-dependent

» vanishes for unpolarised objects
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Double Axion Exchange

@ Exchange of two axions results in loop diagrams
® linear coupling (0,,a;)1y"~°¢ leads to

S ——
p-----------9

® quadratic coupling a,-a,-qzw leads to further diagrams
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Simplifying the Loops

@ Remember that we need to take the Fourier transform of the loop

3
V(r) ~ / (:7:)’3 e M (—q°)

a if we know the discontinuities of the amplitude, we get a Laplace transform instead

V(r) ~ 1; dt Disc(M(t)) e~V

fo

» discontinuity is easy to calculate!
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Cutkosky Rules

@ Discontinuities of Feynman diagrams can be found by “cutting” them into two pieces

Cut

® one then sets the cut propagators to be on-shell by replacing

1 .
s — —2mid(p? — m?)8(p°)
P2 —m? + e
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Potential

@ Resulting potential is generally not analytic
a if all axions had the same masses, then

(Na)
V2 12871'3 Z f2f/2{ 591 g/ g] g] K(Xa)

12[9797¢ x4

2 [ oo L e 5)] []C(xa) " 4gKo(xa)}

8

-3 =Cic COxaKi(Xa) Py Xa = 2mar

X5 x5
K(x3) = ?Ko(xa) + [ xa+ 5 Ki(xa)
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Potential

@ Resulting potential is generally not analytic
a if all axions had the same masses, then

(Na)
V2 12871'3 Z f2f2{ 5 g gl g/ 9 ,C(Xa)

12 {g, gc

& AN /3)} [/C(xa) + :iKo(xa)]

8
= c;‘cfxaiﬂ(xa)} . Xa=2myr

x2 x3
_ la a
K(x2) = > Ko(xa) + | xa + o Ki(xa)
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Kaluza-Klein ALP

@ Kaluza-Klein Axions arise in theories of compactified extra dimensions
@ KK ALPs are characterised by the mass and f, distributions

my = /M2 + (Npy)?

f, = f; = const.

® as a benchmark, we assign the following parameter values

me = 10"%eV

w1 =5x10"°eV
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Kaluza-Klein Maxion

@ KK Maxions are maximally far from the QCD axion band

f(Na) _ 2N, — 1
b £fa”

® as a benchmark, we assign the parameter value
i =5x10"°eV
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Type IIB String Theory

® The axion spectrum is given by the toric divisor volumes 7; of the compactification Calabi-Yau threefold
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Type IIB String Theory

® The axion spectrum is given by the toric divisor volumes 7; of the compactification Calabi-Yau threefold

® we can approximate the distribution of 7; by sampling from an empirical distribution
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Type IIB String Theory

® The axion spectrum is given by the toric divisor volumes 7; of the compactification Calabi-Yau threefold

® we can approximate the distribution of 7; by sampling from an empirical distribution
® number of axions is equal to the Hodge number A"’
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Figure: Distributions of axion decay constants in units of M, computed using a database of compactifications (blue) and the
approximated distribution (orange) [2507.12516].
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Type IIB String Theory

® The axion-fermion couplings cannot currently be calculated in type 1IB string theory
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Type IIB String Theory

® The axion-fermion couplings cannot currently be calculated in type 1IB string theory
® we nevertheless assume a shift symmetry conserving coupling of order g; ~ 1
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Type IIB String Theory

® The axion-fermion couplings cannot currently be calculated in type 1IB string theory
® we nevertheless assume a shift symmetry conserving coupling of order g; ~ 1
u for the shift symmetry breaking coupling, we assume ¢;j < Mheutron
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Kaluza-Klein ALP Spin-Independent Potential

Kaluza-Klein ALP
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Kaluza-Klein ALP Spin-Independent Potential

Kaluza-Klein ALP
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Kaluza-Klein ALP Spin-Independent Potential

Kaluza-Klein ALP
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Kaluza-Klein ALP Spin-Independent Potential

Kaluza-Klein ALP
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Kaluza-Klein ALP Spin-Independent Potential

Kaluza-Klei axions decouple,
/ stronger decrease,
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Kaluza-Klein Models

Kaluza-Klein ALP

Kaluza-Klein Maxion
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Kaluza-Klein Models

Kaluza-Klein ALP

Kaluza-Klein Maxion
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Type lIB

String Theory
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@ Most of the axions have ultralight masses
® potential will have a behaviour very close to V o r—3 for most distances with only slight deviations
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Type IIB String Theory
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Type lIB String Theory: Potential Scaling
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Type lIB String Theory: Potential Steps
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Conclusions

® N, axions can generally lead to an N2 enhancement of the spin-independent potential
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Conclusions

® N, axions can generally lead to an N2 enhancement of the spin-independent potential
@ potential can be further enhanced by changes to the f, distribution
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Conclusions

® N, axions can generally lead to an N2 enhancement of the spin-independent potential
@ potential can be further enhanced by changes to the f, distribution
® “steps” in the potential may lead to potentials that cannot be fit by r—"
» can be used to distinguish models with one and multiple new light degrees of freedom
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Type IIB String Theory: Sampling

22/21

® Define normalised decay volumes 7

A |0g10(7'i)
T = 57— v
(log1o(7))

(log4o(7)) = 3.433 — 5.404 x (log,, h"") =400

® sample h"' + 4 decay volumes from the distribution

N ™. _
= —7e
p(7) 27'

o 22
ra

@ normalise all volumes such that 7, = 1
@ discard the largest four volumes
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Type IIB String Theory: Sampling
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® use the remaining 7' to calculate 7’ and
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