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Improved constraints on exotic electron-proton interactions in hydrogen
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Atomic spectroscopy provides a sensitive tool for searching for new bosons that mediate exotic forces between

elementary fermions. A comparison between a recent high-precision measurement [Bullis et al., Phys. Rev. Lett.

130, 203001 (2023)] of the hyperfine splitting of the 2S1/2 electronic level in hydrogen and up-to-date bound-

state quantum electrodynamics calculations yields improved constraints on electron-proton exotic interactions.

These are expressed in terms of the dimensionless coupling strengths gAgA, gpgp, and gV gV , corresponding

to the exchange of axial-vector, pseudoscalar (axionlike), and vector bosons, respectively. Building on these

results, our analysis highlights the importance of examining combinations of spin-dependent potentials that

contribute to the same class of exotic interactions. In particular, we employ the combination V2 + V3 for both

axial-vector–axial-vector and vector-vector couplings. These findings motivate further precision measurements

toward spin-dependent exotic interactions.
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I. INTRODUCTION

Precise experiments with atoms and molecules [1], to-

gether with other systems such as color centers in diamond

[2], comagnetometers [3,4], and torsion pendulums [5],

have been successfully employed to explore potential ex-

tensions to the Standard Model (SM), including searches

for new particles. Various simple atomic systems [6–9],

such as positronium, muonium, helium, antiprotonic helium,

antihydrogen, and hydrogen, have been utilized to probe spin-

dependent exotic interactions [10–14], with their sensitivity

largely determined by advances in experimental and theoret-

ical precision. Recently, a precision record [15] was set by a

measurement of the hyperfine splitting of the 2S1/2 electronic

levels of hydrogen. This breakthrough offers an opportunity

to significantly improve upon previous constraints on spin-

dependent exotic interactions between the electron and the

proton [6,9].

Spin-dependent exotic interactions—interactions of a new

boson with fermion spins—have attracted increasing inter-

est in recent years [1,13]. Theoretical studies [10–12] show

that such exotic potentials may arise from the exchange of

either a spin-0 boson—such as the axion [16–21] and ax-

ionlike particles (ALPs) [22,23]—or a spin-1 boson, such

as the Z ′ boson [24] and the paraphoton γ ′ [25–28]. These
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new bosons are among the leading candidates for addressing

major open questions in fundamental physics, including the

nature of dark matter [29–34] and the resolution of the strong

charge-parity problem [35,36]. A spin-1 boson can mediate

six types of interactions between fermions [13], depending on

the vector (V), axial-vector (A), tensor (T), and pseudotensor

(T̃ ) vertex combinations: V –V , A–A, A–V , T –T , T̃ –T̃ , and

T̃ –T . A spin-0 boson can couple to fermions through scalar

(s) and pseudoscalar (p) channels, leading to three distinct

interaction types: s–s, p–p, and p–s. While previous stud-

ies involving hydrogen [6,9] have constrained some of these

interactions—specifically, the A-A and p-p types—the V -V

type of spin-dependent exotic interaction has not yet been

accurately explored.

In this work, we make two advances. First, we improve

the constraints on electron-proton exotic interactions. By

comparing experimental data with up-to-date theoretical val-

ues from bound-state quantum electrodynamics, constraints

on electron-proton exotic interactions can be obtained. Sec-

ond, we study a previously [9] unconstrained type of exotic

interaction between electron and proton—the vector-vector

type—that can be probed via the hydrogen system. Although

this interaction has largely been overlooked (for instance,

existing constraints on V2 and V3 have not been interpreted in

terms of vector-vector interactions), it merits equal attention

based on the comprehensive theoretical framework recently

summarized in Ref. [13].

II. METHODS

A. The hyperfine splitting difference D21

The hyperfine splitting difference, D21 = 8�hfs(2S) −
�hfs(1S), is a critical parameter for probing the presence of
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TABLE I. Comparison of theoretical and experimental values of

D21 used to calculate �D.

D21 D21

Parameter Used in Ref. [9] Used in this work

Theory (kHz) 48.953(3) [43,44] 48.9541(23) [40]

Expt. (kHz) 48.923(54) [41,45] 48.9592(68) [15]

µ (kHz) 0.03 −0.0051

σ (kHz) 0.054 0.0072

�D (kHz) (90%) 0.102 0.0144

exotic forces in atomic physics. In conventional atoms, the

sensitivity of tests based on the hyperfine structure (hfs) is

limited by insufficient knowledge of their nuclear structure

[37]. However, since the lowest-order nuclear corrections

to �hfs(2S) and �hfs(1S) scale with the electron density in

the ratio 1 : 8, they do not contribute to the difference D21.

Of course, some residual contributions to D21 from nuclear

structure and other standard-model effects [38–40] still apply.

This provides a chance to test the quantum electrodynamics

theory of bound states at a level of precision that is orders-

of-magnitude better than that achievable for the ground-state

hyperfine interval �hfs(1S) alone [41] and also offers a good

opportunity for new physics searches. A similar specific dif-

ference defined for hydrogen- and lithiumlike highly charged

ions was employed in Ref. [42] to cancel nuclear-structure

contributions.

Recent experiments utilized Ramsey spectroscopy, rather

than an optical frequency comb, to directly measure the 2S

splitting, achieving the most precise determination of D21 to

date [15]. In the meantime, we identified improved theoretical

results based on a direct, high-precision, all-order numerical

calculation of the electron self-energy, with the uncertainty of

D21 being essentially dominated by the self-energy contribu-

tion [40]. The theoretical and experimental determinations of

D21 exhibit comparable precision and agree within the stated

uncertainties.

Table I summarizes the current data concerning the value

of D21, in particular the results of theoretical calculations and

experimental measurements, their difference µ, and the com-

bined uncertainty σ =
√

σth
2 + σexpt

2. We use these to derive

�D, representing the maximal deviation at a 90% confidence

level,

I =
∫ �D

−�D

1
√

2πσ
e
− (x−µ)2

2σ2 dx = 90%. (1)

The choice of a 90% confidence level allows us to compare the

obtained constraints on the exotic interactions with previous

results [6,8,9]. However, following the suggestion made in

the review [13], we also present results at the 95%-confidence

level (see Ref. [51]).

B. Exotic potentials

By comparing the value of �D from Ref. [9] with our re-

sult in Table I, we find a sevenfold improvement. To illustrate

how this improvement is related to the resulting constraints

[see Eq. (11)] on the coupling constants, we first present the

relevant exotic potentials.

The constraints on ge
pg

p
p and ge

Ag
p

A were originally estab-

lished by [9], based on VAA (i.e., V2|AA + V 3|AA) and V pp (i.e.,

V3|pp).

V2|AA = −ge
Ag

p

A

h̄c

4π
σe · σ p

1

r
e−r/λ, (2)

V3|AA = −ge
Ag

p

A

h̄c

4π
λ2

[

σe · σ p

[

1

r3
+

1

λr2
+

4π

3
δ(r)

]

− (σe · r̂)(σ p · r̂)

(

3

r3
+

3

λr2
+

1

λ2r

)]

e−r/λ, (3)

V3|pp = −ge
pgp

p

h̄3

16πc

1

memp

{

σe · σ p

[

1

r3
+

1

λr2
+

4π

3
δ(r)

]

−(σe · r̂)(σ p · r̂)

(

3

r3
+

3

λr2
+

1

λ2r

)}

e−r/λ, (4)

where σe and σ p are the Pauli vector operators corresponding

to the spins si = h̄σ i/2 of the electron and proton; r denotes

the difference of positions of the fermions, r = |r| is the dis-

tance between them, while r̂ is the unit vector in the direction

of r; λ is the range of the force, given by λ = h̄/(Mc), where

M is the mass of the new boson; and me and mp represent the

masses of the electron and proton, respectively.

We further emphasize that the vector-vector interaction de-

scribed by (V2 + V3)|VV [13] can and should also be explored

within the framework. This exotic potential has the form

(V2 + V3)|VV

= ge
V g

p

V

h̄3

16πcmemp

{

σe · σ p

[

1

r3
+

1

λr2
+

1

λ2r
−

8π

3
δ(r)

]

−(σe · r̂)(σ p · r̂)

(

3

r3
+

3

λr2
+

1

λ2r

)}

e−r/λ. (5)

C. Exotic contribution to the hyperfine splitting difference

The exchange of a new boson via exotic interaction po-

tentials can lead to measurable shifts in atomic spectroscopy.

To estimate these energy shifts, we use the hydrogenic wave

functions for the 1S and 2S states to evaluate the contribution

of a given potential Vi to the hfs. The resulting exotic contri-

bution to the differential HFS interval is defined as

�EExotic
D21

= 8�Ehfs
2S − �Ehfs

1S , (6)

where

�Ehfs
nS =

〈

ψF=1
nS

∣

∣Vi

∣

∣ψF=1
nS

〉

−
〈

ψF=0
nS

∣

∣Vi

∣

∣ψF=0
nS

〉

. (7)

The total wave function is written as |ψF
nS〉 = ψnS (r) ⊗

|F 〉, where the spatial wave functions are

ψ1S (r) =
1

√

πa3
0

e−r/a0 ,

ψ2S (r) =
1

√

32πa3
0

(

2 −
r

a0

)

e−r/(2a0 ),

(8)

with a0 being the Bohr radius. The expectation value of Vi then

takes the form

〈Vi〉 =
∫

|ψ1S/2S (r)|2〈F |Vi|F 〉 d3r. (9)
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FIG. 1. Constraints on the coupling constants product ge
Ag

p

A. The

results from this work are shown as the dark dash-dotted red, dark

dotted green, and yellow solid curves for V2, V3, and V2 + V3, re-

spectively, together with the results from Fadeev et al. [9] (light

dash-dotted red and light dotted green curves) and Karshenboim [6]

(dash-dotted blue curve).

As an example, consider the combined V2 + V3 potential for

the vector-vector (VV) coupling, expressed in natural units

(h̄ = c = 1),
〈

ψF=1
1S

∣

∣(V2 + V3)
∣

∣

VV

∣

∣ψF=1
1S

〉

= ge
V g

p

V

(

−
2

3πmemp

)

k4(M + k)

(M + 2k)2
,

〈

ψF=1
2S

∣

∣(V2 + V3)
∣

∣

VV

∣

∣ψF=1
2S

〉

= ge
V g

p

V

1

48πmemp

k3

[

M2(2M2 + k2)

2(M + k)4
− 1

]

, (10)

where k = 1/a0 and M is the new boson mass. For the |F = 0〉
state, the expectation values are equal to −3 times those of the

corresponding |F = 1〉 state. Additional expressions for other

potentials can be found in the Appendix of Ref. [9].

Finally, the exotic energy shift �EExotic
D21

can be expressed

as the product of a boson-mass–dependent factor C(M ) and a

coupling constant product gegp,

|gegp| �
|�D|

|C(M )|
, (11)

where C(M ) = 1
3πmemp

[ k3M2 (2M2+k2 )

(M+k)4 + 8k4(M+k)

(M+2k)2 − 2k3] and

�D is the maximum allowed deviation provided in Table I.

Alternatively, one may express the constraint as a function of

λ using M = 1/λ.

III. RESULTS AND DISCUSSION

In Figs. 1–3, we present our results based on the latest

theoretical framework, in comparison with those also derived

FIG. 2. Constraints on the coupling constants products ge
pgp

p and

ge
pgp

p coming from the study of V3. The results for e-p come from this

work (dark solid red) and Fadeev et al. [9] (light solid red), while the

constraints for e-p are from Ficek et al. [8] (dash-dotted blue curve).

from hydrogen spectroscopy but relying on earlier experimen-

tal and theoretical data from Ref. [9] as well as others [6,8].

They are presented as functions of the interaction range λ

(shown on the bottom x axis with corresponding new spin-1

boson mass M presented on the top x axis) denoting the lower

bound of the excluded region.

For the axial-vector–axial-vector interaction gAgA, our con-

straints (red solid line) obtained from studying (V2 + V3)|AA

are the most stringent for λ > 5 × 10−12 m. It should be

emphasized that our primary interest lies in the coupling

FIG. 3. Constraints on the coupling constants product ge
V g

p

V .
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coefficients ge
Ag

p

A. Therefore, it is essential to combine the

V2|AA and V3|AA terms, as well as other terms that con-

tribute to the axial-vector–axial-vector type of coupling (see

Refs. [12,13,46]), whenever possible. In our case here, the

combination yields a weaker constraint compared to the one

that depends only on V2|AA because the calculated C(M ) val-

ues from V2|AA and V3|AA have opposite signs. An intuitive

understanding is that the exotic interactions associated with

V2|AA and V3|AA would shift the value of D21 in opposite direc-

tions. In some cases where the constraint lines obtained from

V2|AA and V3|AA intersect, the corresponding contributions may

completely cancel, causing the combined constraint to ex-

hibit a divergence peak similar to the spike features shown

in our figures. The spike feature of the constraints lines near

λ = 1.4 × 10−10 m is due to a cancellation in the denominator

of Eq. (11), i.e., C(M ) = 0. Note that Ref. [9] originally ob-

tained constraints on gAgA by studying V2 + V3. Here, we redo

the calculation and extract the constraints for V2|AA and V3|AA

for the purpose of comparison. Karshenboim [6] combined

the constraints based on 1S hfs and D21 from hydrogen and

studied V2; thus the V2|AA result extracted from Ref. [9] is the

same as in Karshenboim [6] in the range of λ > 10−11 m.

Additional constraints for ge
Ag

p

A in the range 103 < λ <

1011 m can be found in Refs. [47,48] where exotic inter-

actions between spin-polarized geoelectrons—based on the

pyrolite model for Earth’s electron spin distribution—and

protons in a laboratory source were investigated. It is noted

that Karshenboim [6] (dash-dotted blue curve) still provides

the most stringent constraints for the range λ < 4 × 10−12 m.

Possible improvements will be discussed in our forthcoming

work.

Regarding the pseudoscalar-pseudoscalar interaction gpgp,

our results (red solid line) set the most stringent constraints.

Reference [9] previously provided the only constraints for

exotic interactions between e-p. We present another result for

e-p based on antiprotonic helium [8] for comparison.

For the vector-vector interaction gV gV , we present the

constraints obtained by studying Eq. (5). As mentioned in

the recent review [13], while current constraints are approx-

imately inferred from V3, no existing result has addressed the

combination V2 + V3, except our recent study on spin-spin

coupling in tritium deuteride (DT) [49]. We emphasize this

point to draw the community’s attention to the importance

of further studies focusing on V2 + V3 [Eq. (5)] for vector-

vector–type exotic interactions.

In summary, we have obtained improved constraints on

electron-proton exotic interaction couplings gAgA, gpgp, and

gV gV . Looking ahead, Bullis et al. [15] may achieve an ad-

ditional tenfold improvement in precision by increasing the

size of their setup [50], which would correspondingly further

tighten the constraints on exotic electron-proton interactions.

Note added. Note that we present the 90% confidence level

(CL) results in the figures of this work, as the other results

used for comparison are given at the same level. However,

following the suggestions made in the review [13], we also

calculated the 95% CL results using Eq. (1), obtaining �D =
0.0170 kHz. The 95% CL results are available online [51] and

are also included in the fifth force dataset [52].
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