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Spin precession in storage ring experiments

In the muon's rest frame
ds

dt
= s× (µµB)

In storage rings, the observable is the muon's precession frequency relative to its
direction of motion

Ωs −Ωβ =
e

mµ

[
aµB − aµ

(
γ

γ + 1

)
(β · B)β + β ×

(
1

γ2 − 1
− aµ

)
E

]

aµ can be easily observed if e
mµ

aµB is the only contributing term

β · B ≈ 0 in storage ring setup

BNL and FNAL choose γ ≈ 29.3 to cancel the last term

A new force acting on the muon spin would mess things up
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Contribution to precession frequency from a muon spin force

A muon spin force H = ∆E(µ)n · s would modify the spin dynamics(
ds

dt

)
rest frame

= s× (µB −∆E(µ)n)

Ωs−Ωβ =
e

mµ

[
aµB − aµ

(
γ

γ + 1

)
(β · B)β + β ×

(
1

γ2 − 1
− aµ

)
E −

mµ

γe
∆E(µ)n

]
The observed aµ would be shifted by |∆aµ| = mµ∆E(µ)/(γeB) if n is parallel to B

In the FNAL magnetic �eld B = 1.45T,

∆aµ ≃ 2.5× 10−9 ⇐⇒ |∆E(µ)| = 6× 10−14eV
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Monopole-dipole interaction as origin of the muon spin force

A muon spin force can be generated by a light scalar �eld which has scalar coupling
with nucleons and axial vector/pesudoscalar coupling with the muon

Leff = ...+
1

2
(∂νϕ)

2 −
1

2
m2

ϕϕ
2 − gSϕ(n̄n+ p̄p) +

g
(µ)
A

2mµ
∂αϕµ̄γαγ5µ− g

(µ)
P ϕµ̄iγ5µ.

In the non-relativistic limit, this turns out to be a force acting on the muon spin (g
(µ)
A

and g
(µ)
P have the same e�ect at tree level)

H(µ) =
gS(g

(µ)
A + g

(µ)
P )

4π × 2mµ
(σ(µ) ·∇)

exp(−mϕr)

r
=⇒ ∆E(µ)(s · n)

Small for individual nucleon-muon pair, but can be enhanced by the large number of
nucleons in the Earth to produce an observable e�ect.

(Ryan Janish & Harikrishnan Ramani 2006.10069, Prateek Agrawal et al 2210.17547, Hooman
Davoudiasl & Robert Szafron 2210.14959)
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Isotope experiments: the design

(S.-B. Zhang et al 2303.10352)

The comagnetometer cell is �lled
with 129Xe and 131Xe

A magnetic �eld B0 ∼ 3.5µT is
generated along the Earth's
rotation direction

The ratio of the precession
frequency R+ = ω129/ω131 is
measured

Reversing the direction of the
magnetic �eld gives a new ratio
R−

The size of the spin force can be
obtained from the di�erence
R+ −R−
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Isotope experiments: the observable

The interaction is given by

Hi = −µNgi(I ·B) + ∆Ei(I · n)

For Xe isotope,

R+ −R− =
2

ω131

(
∆E129 −∆E131

g129

g131

)
cosϕ (+ΩE terms)

If ∆Ei and gi are exactly proportional among isotopes, there is no sensitivity.

The observable is the di�erence in ∆Ei/gi between isotopes, current best limits are

|∆EHg| =
∣∣∣∣∆E201 −∆E199

g201

g199

∣∣∣∣ < 3.0× 10−21 eV (UW experiment)

|∆EXe| =
∣∣∣∣∆E129 −∆E131

g129

g131

∣∣∣∣ < 1.7× 10−22 eV (USTC experiment)

Many orders of magnitude better compared to |∆E(µ)| = 6× 10−14eV, could possibly
a�ord a loop penalty to consider the spin force transfer.
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Spin force transfer

At the lowest order the muon spin force can be transferred to the nucleus with a muon
loop and two photons

1-loop (on shell photon) 2-loop (o� shell photon)

g
(µ)
A and g

(µ)
P have di�erent consequences in loops
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Consequences at 1-loop, constraints on pseudoscalar coupling

Leff =
e2∇ϕ

4π2mµ
·
(
g
(µ)
P BA0 +

g
(µ)
A

12m2
µ

B∇2A0

)
.

Axial vector contribution suppressed by
1/(RNmµ)2 ∼ 0.1

Nuclear charge well approximated by a uniform
distribution.

Magnetic �eld distribution is uncertain because no
nuclear model reliably explains where the nuclear
magnetic dipole moment comes from.

We model the magnetic �eld to be coming from
valance neutron + core polarization

B = Bn +Bcore

Bn obtained by numerically solving Schrödinger
equation in Woods-Saxon potential

Bcore modeled by uniform polarization to reproduce the
correct magnetic moment
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Consequences at 1-loop, constraints on pseudoscalar coupling

Loop transfer:∣∣∣∣∣∆EHg

∆E(µ)

∣∣∣∣∣ = 1× 10−6;

∣∣∣∣∣∆EXe

∆E(µ)

∣∣∣∣∣ = 3× 10−6 for g
(µ)
P ,∣∣∣∣∣∆EHg

∆E(µ)

∣∣∣∣∣ = 2× 10−8;

∣∣∣∣∣∆EXe

∆E(µ)

∣∣∣∣∣ = 4× 10−9 for g
(µ)
A .

Combined with the constraint from nuclear experiments:

|∆E(µ)
P (Hg)| < 3× 10−15 eV, |∆E(µ)

P (Xe)| < 6× 10−17 eV

|∆E(µ)
A (Hg)| < 2× 10−13 eV, |∆E(µ)

A (Xe)| < 4× 10−14 eV

To explain g-2:

|∆E(µ)| = 6× 10−14eV

Pseudoscalar coupling is ruled out by a few orders of magnitude, constraint on axial
coupling is uncertain due to nuclear uncertainty (Loop transfer to Xe comes from

numerical cancellation at 1% level for g
(µ)
A ).

Ting Gao Muon Spin Force 11 / 21



Introduction
Indirect constraints

Direct detection using stopped muons
Indirect constraints on muon EDM

Summary

Consequences at 2-loop, constraints on axial vector coupling

Pseudoscalar coupling contribution is suppressed at
2-loops

Induced electron coupling is small

UV �nite, cannot see free quarks

Neutron contribution suppressed by magnetic form
factors

Axial vector coupling can be important

UV scale compensates loop smallness

Not suppressed by 1/(R3
Nm2

µmp) ∼ 5 × 10−3

compared to 1-loop
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Consequences at 2-loop, constraints on axial vector coupling

Leff =
∑

i=u,d,s,e

g
(i)
A

2mµ
∂αϕ× ψ̄iγ

αγ5ψ,

g
(i)
A = −g(µ)A ×

3

4

(α
π

)2
Q2

i log(Λ
2
UV/Λ

2
IR),

Induced axial coupling with quarks can be transferred
to the nucleus

Quarks Nucleon Nucleus
lattice QCD

axial charge

nucleon spin

expectation values

Result relatively consistent among various models

∆EXe = (3 – 7)×10−8×∆E(µ)×
log(Λ2

UV/Λ
2
IR)

log(m2
τ/m

2
p)

→
∣∣∆E(µ)

∣∣ < 6×10−15eV

Kind of stronger than the muon g-2 requirement, but this result could be
undermined by nuclear uncertainty at 1-loop.

Constraint from Hg isotopes has better 1-loop behavior, but their spin content
are poorly known.
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General idea for direct detection

Ωs =
e

mµ

(
aµ +

1

γ

)
B −

1

γ
∆E(µ)n+ · · ·

Need a way to distinguish the two e�ects −→ the ability to change the size of
magnetic �eld, preferably with a possibility of reversing direction

E�ect is larger for small γ −→ easier to detect with stopped muons

|∆E(µ)| = 6× 10−14eV is equivalent to Beq = ∆E(µ)/µµ ≃ 1.1mGs −→ might
be easier to detect at low/medium values of magnetic �eld
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Existing experiments in similar conditions

An experiment using stopped muons was done half century ago using magnetic �eld
∼66Gs to measure the magnetic moment of µ+. (V. Hughes et al
PhysRevLett.33.572)

Their result is Ω = 2π × (13.58± 0.02kHz/G)×B, about two orders of magnitude
weaker in accuracy than our requirement.
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A possible setup

Muon spin resonance in weak magnetic �eld using stopped µ+

∆ψ =
∆E(µ)t

ℏ
=⇒ ∆ψ(t = τµ) = 2× 10−4 =⇒ N(µ) > 1/(∆ψ)2 ∼ 108

105 muons/s for continuous beam, even higher intensity with pulsed beam

Uniform vertical magnetic �eld in the range 5− 50Gs with a possibility of
reversing direction

Co-magnetometer to monitor the magnetic �eld

Liquid or gaseous target to stop the muons

∆E(µ) can be extracted from

−B
dω(µ)/ω(p)

dB
=

∆E(µ)

2µpB
= 3.4× 10−4 ×

∆E(µ)

6× 10−14 eV
×

10Gs

B
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Muon EDM: Pathways to atomic EDMs

Muon EDM

electron EDM

de =
(
19
4 ζ(3) − 71

24

) me
mL

(
α
π

)3 dL

CP-odd light-by-light operator

L = − (dL/e)

96π2m3
L

e4FαβF
αβFγδF̃

γδ

CS operator Schi� moment

paramagnetic EDM diamagnetic EDM
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Indirect constraints on muon EDM

Paramagnetic EDM

e e

E B

E E

N

|deqe (HfF+)| < 4.1× 10−30ecm

|deqe (HfF+)| ≃ 4.6× 10−10dµ

=⇒ |dµ| < 8.9× 10−21ecm

Factor of ∼20 better than previous BNL direct
measurement |dµ| < 1.8× 10−19ecm

Schi� moment

e e

E
E

E

B

N

|SHg| < 3.1× 10−31e fm3

S199Hg/e ≃ (dµ/e)×4.9×10−7fm2

=⇒ |dµ| < 6.4× 10−20ecm

Factor of ∼3 better than previous
BNL direct measurement
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Summary

The existence of a muon spin force of the size |∆E(µ)| = 6× 10−14eV could
explain the muon g-2 anomaly

The muon spin force can be indirectly constrained by nuclear experiments, the
constraint

strongly rules out the pseudoscalar type of muon spin force.
is uncertain for axial coupling due to signi�cant nuclear uncertainty.

The muon spin force can be directly probed by µSR experiments using stopped
muons

The same idea of loop transfer improves muon EDM bounds by a factor of 20

Thank you!
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lab-based gNS and supernova bounds on gµA

|∆E(µ)| = 6× 10−14eV corresponds to gS(g
(µ)
A + g

(µ)
P ) ∼ 2× 10−29 in the

1/mϕ ≫ RL limit.

gNS is constrained by �fth-forth experiments, gµA is constrained by supernova bounds

|gNS (lab)| < 8× 10−25 (MICROSCOPE Collaboration)

|gµA(SN)| < 4× 10−8 (Robert Bollig et al 2005.07141)

The supernova bound could be relaxed when the muon has scalar interaction with ϕ

(Hooman Davoudiasl and Robert Szafron 2210.14959)
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