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Light scalars can in principle couple to both bulk matter and fermion spin, with hierarchically disparate
strengths. Storage ring measurements of fermion electromagnetic moments via spin precession can be
sensitive to such a force, sourced by Earth. We discuss how this force could lead to the current deviation of
the measured muon anomalous magnetic moment, g — 2, from the standard model prediction. Due to its
different parameters, the proposed J-PARC muon g—2 experiment can provide a direct test of our
hypothesis. A future search for the proton electric dipole moment can have good sensitivity for the coupling

of the assumed scalar to nucleon spin. We also argue that supernova constraints on the axion-muon

coupling may not be applicable in our framework.
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Introduction.—The standard model (SM) of particle
physics, though successful at precisely describing a great
many observed phenomena, leaves a number of important
questions unanswered. Among these, the unknown nature
of cosmic dark matter is perhaps the starkest manifestation
of the need for extending the SM. Also, a variety of
conceptual questions—for example regarding a quantum
formulation of gravity—provide additional strong motiva-
tion for invoking new physics. It is then reasonable to
suspect that there could be new long range forces, origi-
nating in sectors beyond the SM, that feebly interact with
ordinary matter. Needless to say, uncovering any such
interaction would revolutionize our understanding of the
Universe and open up new fronts in fundamental physics.
Therefore, this is a possibility that is worth investigating in
both theory and experiment.

In this Letter, motivated by the above considerations, we
examine a possible long range force mediated by a light
scalar ¢ with a derivative coupling to one or more SM
fermions; this interaction respects a shift symmetry, much
like a conventional Goldstone boson. In addition, we
entertain the possibility that the shift symmetry is very
weakly broken by a Yukawa coupling to ordinary matter,
which could be electrons or nucleons. We further assume
that the scalar mass m, < Rg', where Rg ~ 6368 km
(3.1 x 107 eV)~!, is the mean radius of Earth. Hence,
Earth can act as a coherent source for ¢, which leads to a
field that falls like 1/r? with distance r > Rg from the
center of Earth. This field, which represents the radial
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variation d,¢ of the scalar, can then couple to the spin of a
fermion and make it precess, similar to the effect of a feeble
magnetic field pointing towards or away from the center
of Earth.

Precision measurements at current and proposed storage
rings can in principle be sensitive to the aforementioned
anomalous precession caused by a terrestrial ¢ field. In
particular, the longstanding apparent deviation of the muon
g — 2 from SM prediction [1,2] can potentially be explained
in this scenario. This hypothesis can also be tested at a
future proton storage ring facility if the scalar also has
derivative coupling to nucleons. In what follows, we will
present a simple underlying model and relevant numerical
estimates in order to elucidate the above points. Probes of
light scalars at storage ring facilities, in contexts different
from the one examined here, have also been discussed in
Refs. [3] and [4]; the latter considers a possible relation to
the muon g — 2 anomaly. A similar model, in a different
regime of parameters, was introduced in Ref. [5], where the
consequences of the CP violating and CP preserving
couplings of an ultralight pseudoscalar to Galactic dark
matter and the SM fermions, respectively, were studied.

A model—We will assume the following interactions
for ¢:

W
e Jda _
goff + S rsy. (1)

where g{ and g/ are particle species-dependent constants
and M sets the scale of the dimension-5 operator. For the
purposes of this work, f could be a nucleon N or an
electron, so that Earth could source a significant ¢ field.
Depending on the relevant experimental probe, y is one of
a few known fermions; here we will mostly consider the
muon yu or the proton p.
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Let us consider the case f = N. Then, there will be a
geocentric background ¢ field for r larger than Rg, but
much smaller than the Earth-Moon distance, given by

9% Ne

dnr

o(r)~ , (2)

where the number of nucleons in Earth is given by N g =
3.6 x 10°! [6]. The above field may receive contributions
from other bodies, but if we assume that the range of ¢ is
not much larger than the size of Earth, we can ignore such
corrections. In that case, to a very good approximation, ¢ is
static and hence d,¢ = 0. The interactions in Eq. (1) then
yield a coupling between the scalar and the spin ¢ of y of

the form ?(p.&. Following the discussion in Ref. [3], we
find that, in our setup, this interaction would lead to a
laboratory frame angular precession frequency a)(j'? at the
surface of Earth, given by

® 91‘\’ glzlle @

(l)(p ~ YT RE (3)
ryMRg
where y,, is the time dilation factor, due to the motion of y.

Contribution to the muon ¢g—2.—Let us examine
whether the above precession can account for the discrep-
ancy between muon g — 2 theory and experiment, corre-
sponding to yw = p. To do so, we need to determine the
allowed values for the parameters entering Eq. (3). Using
the latest results from the MICROSCOPE Collaboration
[71], in conjunction with the analysis in Ref. [8], we find the
20 bound |gV| < 8.0 x 10723, In principle, we could also
consider the contribution from electrons, but in this case the
MICROSCOPE bounds are about 6 times stronger and the
number of electrons in Earth is about half the number of
nucleons so the contribution to the background field from
electrons is roughly an order of magnitude weaker than
from nucleons.

The analysis in Ref. [9], based on supernova SN1987A
limits, yields the constraint |gh| < 4.0 x 1078 for the
coupling of ¢ to u, where we will set M =1 GeV
henceforth (the corresponding results of Ref. [10] are
somewhat stronger, but the corrected limit obtained in
Ref. [9] represents the latest update of the relevant
calculation). However, we note that our assumption of
Yukawa interactions for ¢ could nullify this constraint, as
explained in the scholium before the end of this Letter. We
note that the constraint from cosmic microwave back-
ground is subject to uncertainties but could be at the level of
gh < 10~* [9,11]. However, this constraint implicitly
assumes a reheat temperature Ty 2 m,, which is not a
necessary cosmological assumption; in fact Ty can be as
low as ~5 MeV [12]. We also note that one-loop induced
coupling of ¢ to two photons could potentially lead to
severe bounds on the coupling of the scalar to muons

[13,14]. However, with our assumed derivative inter-
action (1), the scalar-photon coupling is suppressed by
mg/m%: < 1073; see for example Ref. [15] where an
interesting discussion of the relevant physics can be found.
Based on the above considerations, we conservatively
assume ¢l < 3.0 x 1072,

The Brookhaven (E821) [1] and Fermilab (E989) [16]
storage ring measurements of the muon g — 2 are conducted
at the “magic momentum” corresponding to 7, = 29.3. To
get an estimate of the effect from the coupling of ¢ to
muons, we take ¢V¢gl < 2.4 x 1072, which is consistent
with the above bounds. We thus obtain

w® < 4.3 rad/s. (4)

The value measured by experiment corresponds to
w, ~ 1.4 x 10° rad/s, which yields

D
20 2 3.0x%10°. (5)

Wy

Note that since vq) is a radial field, it is aligned, to an
excellent approximation, with the magnetic field of the
muon storage ring [1,16]. The Brookhaven experiment
E821 [1] measured a, for u* and u~, which required
flipping the direction of the magnetic field in order to store
u~. This flip compensates the opposite signs of x™ and pu~
in the interaction term of spin with the magnetic field in the

Hamiltonian. The effect of 640 is the same for particles and
antiparticles, thus both for muons and antimuons the
change in the precession frequency induced by ¢ is the
same. Note that the B field at the Fermilab experiment
points in the same way for u* storage as the Brookhaven
experiment [17]. Thus, % can be simply added or
subtracted from w,, that is a)E,,B ~ ow,. Since the measured
value of the muon (g — 2)/2, denoted by a,, is proportional

to w, it follows that

day oy 6
o~ . (6)
a, w,

Hence, we find
Sa, <3.5x107, (7)

from Eq. (5), where a, ~ a/(2x) [18], and a =~ 1/137. We
thus see that the effective inferred éa, above can accom-
modate the current discrepancy [16]

Aa, = (251 £ 59) x 10711 (8)

between the measured and predicted values of a,. However,
we note that the status of theory is still under investigation
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[19] and the value of the deviation may change as
calculations get more refined.

Further probes.—The planned muon ¢g-—2/EDM
experiment at J-PARC [20] allows us to test our scenario
directly. With the 4™ boost y, ~ 3 approximately ten times
smaller, and a magnetic field B ~ 3 T about twice as large
as the magnetic field in the Brookhaven-Fermilab storage
ring, the deviation from the SM value of a, induced by ¢
field should be about 5 times larger. Note that the current
design for the experiment at J-PARC has the B field
pointing the same way as the Brookhaven-Fermilab field
for ut storage [20]. Our effect can also possibly be
investigated by precision measurement of the muon
g — 2 in muonium spectroscopy, as discussed in Ref. [g)l].

Here, we note that if the proton spin also couples to V ¢,
corresponding to ¥ = p, one may probe this interaction in
a storage ring proposed for detecting proton EDM at the
level of 107 e c¢m [22,23]. The magic momentum used in
order to achieve a frozen spin condition for the proton is
0.7 GeV [22], corresponding to a small boost y, = 1.25.
This proposal employs counterrotating proton beams in
order to suppress systematic uncertainties. The presence of

W in our model will show up as a spurious vertical B field
leading to precession of the longitudinally polarized pro-
tons in the plane of storage ring. This apparent source of
error would need to be corrected by applying a compensa-
tory vertical B field, which would lead to spatial separation
of counterrotating beams. The experimental tolerance
for this effect is ~1073 rad/s. For the currently allowed
parameters ¢ ~8 x 107>, and the proton coupling
gh ~10™° (with M =1 GeV as before) [3], we find
@@ (proton) ~ 3 x 1072 rad/s. Thus, the proton EDM stor-
age ring proposal could probe our scenario if the long range
scalar ¢ couples to proton spin [24].

In addition, similar measurements of electron g — 2 can
test whether ¢ interacts with the electron spin, as a diffe-
rent observable which depends on a new coupling g,
which is however more strongly constrained than its muon
equivalent. Specifically, taking laboratory constraints
gNge < 1073 [25] and the experimental setup for recent
measurement of electron anomalous magnetic moments
[26] we estimate

Aa, <6 x 10717, (9)

which is unlikely to be within the reach of experiments. Let
us also note that our scenario crucially depends on the
scalar coupling ¢V to bulk matter; hence future improve-
ments in bounds on long range forces in the relevant
distance regime would also constrain our model.

We close by noting that perhaps an interesting, though
not entirely feasible, test of our scenario would be through
the measurement of the muon g — 2, either deep inside
Earth or else far away from it, e.g. on the Moon. Needless

to say, either of those avenues would pose enormous
technical and funding challenges, the discussion of which
lies outside the scope of this Letter. Perhaps the most
practical approach, as pointed out in Ref. [27], would be to
reverse the rotation direction of the muon in the storage
ring, which necessarily implies reversing the direction of
the magnetic field in the experiment. This would distin-
guish short-distance solutions from our proposal.

Scholium: Relaxation of supernova constraints.—Here,
we argue that the supernova bound on ¢, obtained in
Ref. [9] can be avoided in the context of our model. To see
this, note that supernova bound relevant to the “trapping
regime” was based on the notion that surface emission of
axions extended out less than 18 km, due to the paucity of
muons beyond this radius. This can be understood by
noting that the temperature of the core at that radius is
T' ~ 10 MeV, compared to the maximum value considered
T ~ 60 MeV in Ref. [9]. Hence, the muon density at that
radius is Boltzmann suppressed by

TN\ G2 mrr
(T> e T~ O(1075), (10)

which is consistent with the results of Ref. [9]. The trapping
surface for axions at radius r, has emission luminosity L,
given by [9]

2

Ly(re. T) = <25 (4mr2)T*. (11)
We then find L,(18 km, 10 MeV) ~ 103 erg/s, which is
in excess of the allowed energy transfer from the supernova
core during the initial explosion, ruling out large values
Ja = 107° that lead to trapped axions [9].

The above analysis may not be applicable in our model,
since ¢ is allowed to have Yukawa couplings to SM
fermions. In particular, assuming an interaction ¢ qjiu,
with ¢§ ~ 107! which is easily allowed by constraints on
long range forces [28] (see also Ref. [29] for related
discussions), we argue that the trapping regime can again
open up, and values of ¢}, < 10~ adopted in our discussion
in the main text can be allowed. To see this, note that the
conservative model chosen in Ref. [9] for their final results
corresponds 7'~ 30 MeV in the central ~10 km of the
supernova and a muon number density ~few x 1073 fm~3;
we will adopt n, ~3 x 107 fm™>. The field generated by
muons in that region can shift the muon mass by

om, = gip ~ (g/s’)znﬂrz. (12)

For the reference values above, we have ém, 2 m, which
indicates that the presence of ¢ in the theory can signi-
ficantly affect the kinematics. We note that in this regime
of parameters, typically the plasma frequency ), ~
¢ (n,/E)"> > m, and ¢ may be considered massless.
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Then, assuming roughly constant n, over the region of
interest, ¢ ~ —m,,/ ¢s and hence the effective muon mass
Mee = m,, + gi would be driven to zero [30].

The preceding arguments suggest that the core of the
supernova could have a much larger population of muons as
mess/T — 0 and the trapping surface can extend well beyond
what was considered in Ref. [9]. By making muons into
effectively light degrees of freedom, they are no longer
Boltzmann suppressed in outer parts of the supernova, with
lower temperatures. Therefore, one could potentially ex-
tend the trapping region to ~100 km, characterized by
T ~1MeV [31], where L, (100 km, 1 MeV) ~ 10°! erg/s,
which is no longer in conflict with axion emission
bounds [9].

We thank Y. Semertzidis for helpful comments on a draft
version of this paper. The work of H.D. and R.S. is
supported by the U.S. Department of Energy under Grant
Contract No. DE-SC0012704.

Appendix: An ultraviolet sketch.—Here, we briefly out-
line how the effective interactions in Eq. (1) may arise in an
ultraviolet completion of our scenario. Let us consider a pair
of left- and right-handed fermions F'; and F' in a vectorlike
representation of one or more SM gauge groups. We will
assign a chiral global charge Qx undera U(1), symmetry to
these fermions: Qx(F;)=1 and Qx(Fg)=0. Let ® be a
complex scalar with Qy(®) = 1, we may then write the
Yukawa couplings

ADF Fr + yHr Fg + y,®F yr + He.,  (Al)
where y; and y are the appropriate left-handed and right-
handed SM fermions and the required proper contractions
with the Higgs H have been assumed.

Once (@) #0, F; p form a Dirac pair and become
massive, with mass my = A(®). The nonzero vacuum
expectation value of @ can be identified with its radial
component: ® — (®)e'?/(®) where ¢ is the angular
component of @, i.e. the Goldstone mode. If 1 € C one
can show that the Goldstone mode ¢ of the complex scalar
@ ends up having a coupling of the form (®)~'pFy,ysF
through the real part 1. The second and the third terms in
Eq. (Al) lead to the mixing of F';  with the SM fermions,
governed by the mixing angles or order y,(H)/mj and
v2(®)/mp ~ y, /A, which could be made sufficiently small.
The mixing will lead to the coupling (@)~ @iy, ysy of ¢
to the SM fermions.

The imaginary part of A will induce a scalar coupling of
the type @ F'F which, upon the aforementioned mixing, will
lead to a corresponding ¢y coupling to the SM fermions.
One could choose w to be the required fields in our
scenario. Including terms that break U(1), would induce
a mass term for ¢. For example, y°® + H.c. can induce a
mass m2 ~ p* /(®), which could be sufficiently small for
u < (@). Thus, the interactions in Eq. (1) can be generated
in the ultraviolet completion outlined here.

*hooman@bnl.gov
“rszafron@bnl.gov

[1] G. W. Bennett et al. (Muon g-2 Collaboration), Phys. Rev. D
73, 072003 (2006).

[2] T. Aoyama et al., Phys. Rep. 887, 1 (2020).

[3] P. W. Graham, S. Haciomeroglu, D. E. Kaplan, Z. Omarov,
S. Rajendran, and Y. K. Semertzidis, Phys. Rev. D 103,
055010 (2021).

[4] R.Janish and H. Ramani, Phys. Rev. D 102, 115018 (2020).

[5] D. Kim, Y. Kim, Y. K. Semertzidis, Y. C. Shin, and W. Yin,
Phys. Rev. D 104, 095010 (2021).

[6] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020).

[7]1 P. Touboul et al. (MICROSCOPE Collaboration), Phys.
Rev. Lett. 129, 121102 (2022).

[8] P. Fayet, Phys. Rev. D 97, 055039 (2018).

[9] R. Bollig, W. DeRocco, P. W. Graham, and H.-T. Janka,
Phys. Rev. Lett. 125,051104 (2020); 126, 189901(E) (2021).

[10] D. Croon, G. Elor, R.K. Leane, and S.D. McDermott,
J. High Energy Phys. 01 (2021) 107.

[11] E. D’Eramo, R.Z. Ferreira, A. Notari, and J. L. Bernal,
J. Cosmol. Astropart. Phys. 11 (2018) 014.

[12] S. Hannestad, Phys. Rev. D 70, 043506 (2004).

[13] A. Caputo, G. Raffelt, and E. Vitagliano, Phys. Rev. D 105,
035022 (2022).

[14] A. Caputo, H.-T. Janka, G. Raffelt, and E. Vitagliano, Phys.
Rev. Lett. 128, 221103 (2022).

[15] M. Bauer, M. Neubert, and A. Thamm, J. High Energy
Phys. 12 (2017) 044.

[16] B. Abi et al. (Muon g-2 Collaboration), Phys. Rev. Lett.
126, 141801 (2021).

[17] T. Albahri et al. (Muon g-2 Collaboration), Phys. Rev. D
103, 072002 (2021).

[18] J.S. Schwinger, Phys. Rev. 73, 416 (1948).

[19] S. Borsanyi et al., Nature (London) 593, 51 (2021).

[20] M. Abe et al., Prog. Theor. Exp. Phys. 2019, 053C02
(2019).

[21] C. Delaunay, B. Ohayon, and Y. Soreq, Phys. Rev. Lett. 127,
251801 (2021).

[22] Z. Omarov, H. Davoudiasl, S. Haciomeroglu, V. Lebedev,
W.M. Morse, Y.K. Semertzidis, A.J. Silenko, E.J.
Stephenson, and R. Suleiman, Phys. Rev. D 105, 032001
(2022).

[23] J. Alexander et al., arXiv:2205.00830.

[24] We thank Y. Semertzidis for pointing out this possibility.

[25] B.R. Heckel, E. G. Adelberger, C. E. Cramer, T. S. Cook, S.
Schlamminger, and U. Schmidt, Phys. Rev. D 78, 092006
(2008).

[26] X.Fan, T. G. Myers, B. A. D. Sukra, and G. Gabrielse, Phys.
Rev. Lett. 130, 071801 (2023).

[27] P. Agrawal, D. E. Kaplan, O. Kim, S. Rajendran, and M.
Reig, arXiv:2210.17547.

[28] H. Davoudiasl and P.P. Giardino, Phys. Lett. B 788, 270
(2019).

[29] S.M. Carroll, S. Mantry, and M. J. Ramsey-Musolf, Phys.
Rev. D 81, 063507 (2010).

[30] G. Domenech and M. Sasaki, J. Cosmol. Astropart. Phys. 06
(2021) 030.

[31] K. Sumiyoshi and G. Roepke, Phys. Rev. C 77, 055804
(2008).

181802-4


https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1016/j.physrep.2020.07.006
https://doi.org/10.1103/PhysRevD.103.055010
https://doi.org/10.1103/PhysRevD.103.055010
https://doi.org/10.1103/PhysRevD.102.115018
https://doi.org/10.1103/PhysRevD.104.095010
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevLett.129.121102
https://doi.org/10.1103/PhysRevLett.129.121102
https://doi.org/10.1103/PhysRevD.97.055039
https://doi.org/10.1103/PhysRevLett.125.051104
https://doi.org/10.1103/PhysRevLett.126.189901
https://doi.org/10.1007/JHEP01(2021)107
https://doi.org/10.1088/1475-7516/2018/11/014
https://doi.org/10.1103/PhysRevD.70.043506
https://doi.org/10.1103/PhysRevD.105.035022
https://doi.org/10.1103/PhysRevD.105.035022
https://doi.org/10.1103/PhysRevLett.128.221103
https://doi.org/10.1103/PhysRevLett.128.221103
https://doi.org/10.1007/JHEP12(2017)044
https://doi.org/10.1007/JHEP12(2017)044
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevLett.126.141801
https://doi.org/10.1103/PhysRevD.103.072002
https://doi.org/10.1103/PhysRevD.103.072002
https://doi.org/10.1103/PhysRev.73.416
https://doi.org/10.1038/s41586-021-03418-1
https://doi.org/10.1093/ptep/ptz030
https://doi.org/10.1093/ptep/ptz030
https://doi.org/10.1103/PhysRevLett.127.251801
https://doi.org/10.1103/PhysRevLett.127.251801
https://doi.org/10.1103/PhysRevD.105.032001
https://doi.org/10.1103/PhysRevD.105.032001
https://arXiv.org/abs/2205.00830
https://doi.org/10.1103/PhysRevD.78.092006
https://doi.org/10.1103/PhysRevD.78.092006
https://doi.org/10.1103/PhysRevLett.130.071801
https://doi.org/10.1103/PhysRevLett.130.071801
https://arXiv.org/abs/2210.17547
https://doi.org/10.1016/j.physletb.2018.11.041
https://doi.org/10.1016/j.physletb.2018.11.041
https://doi.org/10.1103/PhysRevD.81.063507
https://doi.org/10.1103/PhysRevD.81.063507
https://doi.org/10.1088/1475-7516/2021/06/030
https://doi.org/10.1088/1475-7516/2021/06/030
https://doi.org/10.1103/PhysRevC.77.055804
https://doi.org/10.1103/PhysRevC.77.055804

