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Abstract

®

CrossMark

We present a calculation by including the relativistic and off-shell contributions to the interaction
potentials between two spin-1/2 fermions mediated by the exchange of light spin-0 particles, in
both momentum and coordinate spaces. Our calculation is based on the four-point Green's
function rather than the scattering amplitude. Among the sixteen potential components, eight that
vanish in the non-relativistic limit are shown to acquire nonzero relativistic and off-shell
corrections. In addition to providing relativistic and off-shell corrections to the operator basis
commonly used in the literature, we introduce an alternative operator basis that facilitates the
derivation of interaction potentials in the coordinate space. Furthermore, we calculate both the
long-range and short-range components of the potentials, which can be useful for future

experimental analyses at both macroscopic and atomic scales.

Keywords: axion, potential, relativistic correction

1. Introduction

In recent years, tabletop-scale laboratory experiments have
emerged as a promising approach for exploring new physics
phenomena beyond the Standard Model (BSM). These experi-
ments are typically sensitive to long-range forces mediated by
light BSM patrticles, such as axions, dilatons, and dark photons,
etc [1]. Notably, precision measurements at atomic and macro-
scopic scales have begun to probe exotic spin- and velocity-
dependent interaction potentials with high sensitivity [1-17].
Such studies provide valuable complementary constraints on
BSM dynamics, in contrast to large-scale collider experiments..

The interaction potential of the two-body system offers
not only a systematical theoretical frame to analyze various
laboratory experiments, but also sets a convenient connection
between the experimental constraints and the BSM theories.
As the underlying objects of the laboratory measurements at
both the atomic and macroscopic scales are basically electrons
and nucleons, the interaction potentials arising from the light
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BSM particle exchanges between two spin-1/2 fermions have
been the central focus since the pioneering work in [18],
which calculated the long-range static spin-dependent poten-
tials from the axion exchange. This formalism was extended
in [2], which provides the complete sixteen components of the
long-range spin-dependent potentials of the two fermions
with the contributions from the spin-0 and spin-1 particles. In
the former reference [2], a hybrid representation in the
momentum and coordinate spaces is employed to describe the
spin- and velocity-dependent interaction potentials. Namely
the relative velocity v between the two fermions is treated
more like a classical vector, instead of an operator as adopted
in quantum theory. The hybrid representation of [2] is suffi-
cient for the description of the macroscopic experiments,
while for the atomic-scale phenomenon it is necessary to treat
both coordinate r and momentum (or velocity) p as operators.
Accordingly, the hybrid representation formalism is further
developed in [7] with the emphasis on the application at the
atomic scale. The two main improvements are made for this
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purpose [7]: on one hand the momentum p was promoted as
an operator and the potentials are consistently derived in the
coordinate space; on the other hand the short-distance effects,
characterized by the 6(r) terms, are explicitly worked out and
kept in the potentials. Although the latter terms accompanied
by 6(r) are not very relevant in the macroscopic phenomenon,
they could be crucial for the experiments at the atomic scale.

In this work, we introduce two main improvements over
previous studies. First, we derive the relativistic and off-shell
corrections to the two-fermion potentials mediated by spin-0
particles, using the Green's function rather than the scattering
amplitude. While several potential components that vanish in
the non-relativistic (NR) limit remain zero in the relativistic
case, three terms pick up non-vanishing contributions from
the relativistic corrections and seven terms receive contribu-
tions due to the off-shell effects. Second, different from the
operator basis used in [2], we propose an alternative operator
basis that is particularly useful for deriving potentials in a
coordinate space. The short-distance effects, characterized by
&(r), are explicitly retained in our potentials. As a result, our
potentials are applicable to both atomic-scale and macro-
scopic-scale experimental analyses.

This paper is structured as follows. The relativistic and
off-shell corrections to the interaction potentials between two
fermions mediated by the exchange of spin-0 particles in the
momentum space are derived in detail in section 2. Both the
results for the operator bases of [2] and ours are analyzed. In
section 3, we take into account the newly calculated relati-
vistic and off-shell effects to proceed the discussions in the
coordinate space. A brief summary and conclusions are given
in section 4.

2. Quasi-potential between two spin-1/2 fermions in
momentum space

2.1. Potential in the hybrid representation [2]

We consider an elastic scattering process 1 + 2 — 3 4 4 of
two spin-1/2 fermions with four-momentum p,_; » 3 4, where
particles 1 and 3 correspond to the same species, and particles
2 and 4 correspond to another same species, i.e.,
my = mz = m, and m, = my = my, In the special case when
all the four particles are identical, one would have m, = m,,.
The potential of this process in momentum space, evaluated
in the center-of-mass (CM) frame, is expressed as [2]

16
Vg, P) = P(g»_ Oi(q, P)f, (¢, P?),
i=1

ey

where g and P represent the spatial components of the four-
momentum

1
q=DP3 — Di» P = 5([)1 + P3), )

respectively. The function P(g?) denotes the denominator of

the propagator for the exchanged boson

1

P = ———
(q°) P

; 3)

with m the mass of the exchanged light spin-0 particle. The
operators O} are given in equations (2.2) and (2.3) of [2],
and for the sake of completeness we list their explicit
expressions

Ool=1, 0O)=o"- o’
Oy =@ 9@’ g,
Obs= 50" £ o) - (P x q),

2m?

O = 5al(@ P)(@” - q) & (@ g)(@” - P)].

Oy=-5(c" - P)(a” - P), @)
and
Os,10= 2%,“(0'“ +0)-q,
O = (0" x o) - ¢,
Oloi3 = z%m(a'“ + o’ - P,
Ol = m%(d“ x ob) - P,
Ols= 5xllo - (P x 9l(c” - g)
+ (- @lo’ - (P x ),
Ol =5,5ilo" - P < l(a” - P)
+ (- P)[o- (P x ). ®)

Here, o/ stands for the spin operator of the particle a / b. The
operators of O} g are invariant under the parity transforma-
tion. In contrast, the operators of (9193,,, 16 Change their signs
under parity transformation. The operators of (9{2’3,9,10’”,
which are independent of P, describe the static interaction
potentials. While, the remaining operators that depend on P, can
describe the interaction potentials with non-vanishing relative
velocity between the two fermions. The functions fi(g?, P?) in
equation (1) are determined from the two-body elastic scattering
amplitude. It should be noted that the labels of the momenta
used here differ slightly from those in [2], and there is a sign
difference between the functions f; presented above and the
functions ffN in the former reference.

In [2], the potential is derived from the on-shell condi-
tion, leading to the following relations

+m . (6)

Combining these on-shell relations with the four-momentum
conservation condition p; + p, = p3 + p4 and the three-
momentum  relations in the CM  frame, ie.,
P1 + p2 =p3 + p3 = 0, one gets the following equalities in the
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CM frame

Ey = Ej, E> = Ey, q-P=0. @)

As a result, only two independent variables, P> and ¢°, remain
in the potential. However, the relations in equation (7) do not
hold any more for off-shell particles. Since the objective
electrons or nucleons in the laboratory measurements are not
totally free, the on-shell condition can only be considered as
an approximation and we will explore the off-shell effects by
releasing the on-shell relations in equation (7) later in
this work.

For the exchange of a spin-0 boson ¢ between two types
of fermions v, and 1,, we consider the following general
interaction Lagrangian [2, 18]

- *(ba}a(gsa +

a/b

PUp(gd +

where gs"/ and g;’” stand for the scalar and pseudoscalar
types of couplings between the spin-0 boson ¢ and the fer-
mion v, 3, respectively.

For the electron-nucleon system, i.e., by taking m, = m,
and my, = my, the following results are presented in equation
(6.2) of [2]

l"'}/Sg;,l)wa - IPYSgp)Q/}h s (8)

feN 0, 0) = —gg &g,
N0, 0)= s AT
(0,0 =—2(1+ )gsegSN,
£330, 0) = 3 (g5 gg q:gsgPN%
50,00 = (g5 8 — &8s mo)- ©)

These formulas are obtained by taking the NR limit and the
on-shell condition. Next, we generalize these results by
including the relativistic and off-shell corrections.

2.2. Derivation of potential from Bethe—Salpeter equation

In principle, the quasi-potential in the Schrodinger-like
equation is determined by the interaction kernel in the four-
dimensional Bethe—Salpeter (BS) equation. Within this fra-
mework, the total four-momentum conservation holds, while
the momenta of the incoming and outgoing particles may be
defined as off-shell, indicating that pio = F;. This can lead to
q - P = 0, comparing with the on-shell case in equation (7).
Therefore one would expect that the interaction potentials
should also contain additional terms with g - P, which are
however absent in [2] due to the assumption of on-shell
condition.

In the CM frame, the exact quasi-potential for an elastic
two-fermion scattering process 1 + 2 — 3 + 4, is derived as
[19]

QDX Vii7i(g, PYx, (M) x; (o)

EiI?JAg,\l,,\AtAz(tl, P, Js), (10)

where y represents the Pauli spinor, ); denote the helicities
and s=(p, +p,)* = (E + E;)* The expression for

If\(J)\3/\l,)\4/\2(q’ P9 \/E) is giVen by

_ ia(py,m3, \3)itp(py,ma, Ag)
P, 3 4
)= JAEE,

X Kaa,3s(q, P, )

% ua(py,m, \)ug(py ,ma, A2)
JA4EE, ’

Kml Ah (4,

where u(p;, m;, ;) is the Dirac spinor normalized as

a(p;, miy, \yu(p;, mi, \;) = 2m;. (11)
Additionally, K (g, P, «/5) is defined as
K(q, P, Js)=K(q, P, py + )l po=pd=r5>
K =[I — Kgs(Go — Go)I"'Kas, (12)
where 7 = ﬁ, I is the identity matrix, Kgg is the inter-

action kernel in the conventional four-dimensional BS
equation, and

Go(py» py) = SSa(p1> ma)SEY(py . M),

A — s 0] AL@IAYCp) AL @OAY (py)
GO(P1’P2"])—27T16(C])[ . S L L
e oy AP DAL (—p))
~2mid(q )7ﬁ_EI_E3
(13)

Here, S are the full propagators of the particles 1 and 2

with masses m, and m;,, [20], respectively, and A(i‘"h)(k) are

A () = [Ep () F (k-

E.p(k) = K + m?2,.

In the aforementioned CM frame, since both /s and P1(,)3
are fixed, three independent variables remain, which will be
taken as ¢°, P* and ¢ - P. The general potential in the
momentum space can be then expressed as

- ma,b)] /2Ea,b(k)s
(14)

16
P> Oi(q, P)f.(q>, P2, q - P).

Vg, P)= (15)
i=1
At leading order (LO) in the couplings gS P, one has
k@aﬂﬂ(q’ P, p; + p,)l p=p{ =75
%KBS(q, P, P + P2)| p]0:p}0:7cﬁ
=i(g§ + igi1an(gy + 1813 P@) . (16)

By utilizing these relations, the coefficients of the quasi-
potential at LO in the couplings, accounting for the relativistic
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effects and the off-shell terms, can be written as follows:

and

with

F = — el gl FYi Y,
LM =gl e FIP’q> — (q - PY],
foull —84 & szP2 4gp ngm X+ X3)
X (Xz + Xu),
£ = = Led g Fml (Y + 1),
£ = g 8 Fng (XiXs — XXy,
[ = —2iglelFm}(q - P) + igygim}F
X (E1Xp + Eymg — E3Xy — Eymy),
S = igd gy Fm; (E\X4 — Ex X
— Esmy, + Eqmy),

f = —gd g Fm;q* — gy gy Fm; (Ey — Es)
X (B2 — E4),

= 885 { g5 Fmy (X + X) Y,
+ gp gFm,(Xi + X3) b5,
o= ,gs “ g Fmg (X2 + X9) Y,
+ gp gOFm,(Xi + X3) b5,
= gS geFma(E; — ED X
+ 58 8 Fma(Ey — Ex) Yy,
= Ligs gy Fma(Ey — E))Y,
+ ;igs el Fma(Ey — E3)Y,

lf;ll zgs ngmazl + 2ngmeL,ZZ,

le‘H — —ng ngmaZ3 gP g b FmyZa,
1
5| =585 8 Fmg (X + Xa)

- ;gp S Fm (X + X3),
1%1” - _lgs ngm3(E2 — Ey)
+igl gl Fm} (E\ — E3),

X,‘ = E,' + m;,
1
F=—ru- "1
4 X|X2X3X4E]E2E3E4

Y = —4P% + ¢ + 4X,X5,

Y, = —4P? + ¢ + 4X X4,
Z\=2P*(E; — Ey) + q - P(Xa + X4),
Z, =2P*(E, — E3) + q - P(X; + X3),
Z3=2(E; — Eq - P+ ¢*(X2 + X4),
Zi=2(E, — E3q - P+ ¢*(X1 + Xa).

a7

(18)

19)

We would like to note that the denominator of F is related to

the factors we introduced in K. s (@, P, +/5) and is free of
kinematic singularities in the regions we discuss.

To make an easy comparison with the results in the non-
relativistic (NR) limit presented in [2], we expand the above
coefficients in terms of the small momenta P and ¢, while not
imposing the on-shell conditions. Then the contributions can
be separated into the on-shell (containing the constant, g> and
P? factors) and off-shell (containing the g - P factor) parts

16
Vg, P) — VIR =Pg)y" Oi(g, P)

i=1

X Lo @ PY) + fo (g - P,

(20)
where the nonzero on-shell terms read
NR _ _a by _ P2 P
Lon — 8s8s 2m2 2mi )’
NR a b _P4q*
2,0n = 8585 16m2mp’
NR __gagh P P _gagh( e mgP? mag?
3,on SSS 1om PSP \ 4m,, 8mj 32m}
8mgmy, 2mgmy, )’
f Ib 1+ mg 3mazP2 ?;m,,zq2 P2
40on—  8s8s\3 4mp 16m; 64m;) 4m?
3p? 3q?
lﬁmu2 64mu2 ’
NR __ a b1 ma2 + 3m,12P2 n Eme,zq2
5,0n 85 8s 4 4mp 16m; 64m}
3}72 342
16ma2 64m2 i
NR a_b
8on 85 8s 16,,,2’
NR __ _a_bf mi _ msP>  meg*>  P?
9.0n — 85 8p 2my, 4mp 16m} Amgmp,
P2 P2 q°
+ - — —
8 gs am2  4m? 16m?2 )’
NR _ aybf ma _ m.P? _ m.ug* P2
10,0n = 8s &p 2m,, 4mj 16mj  4mamy
4+ gagb r1_p P g
8p 8s 2 4m}? 4m} 16m2 )’
2
q a b 4
f]4 on— 8s8p 16mgmy, 8p 8s 16m?’
2
NR _ _a_bMa _ _a_ b Mg
15,00 = 8588 G 89 85 5,20 21
and the nonzero off-shell terms are
NR _ ja,bf_5@P)? _ 5@P)
1,0ff NEN 3om? 2my )’
NR _ _ _a_b_@P)
2.0ff — 85 8s Tom2m2’
NR _ a biqP a b ig-P _ imgq-P
6ot = 8585 5,2 T 8 gP( 8mmy smg )’
_ lmaqP i
70tf &8 P Sm ah
a bmaqP a b qP
fl],off 8s8p g7~ 8P 8s 2
a b”"a‘IP a_bi P
leoff 88 ,; &8sy,
NR _ _a_b_qP by
13,0ff = 8s 8p 8mymy gs 8m, (22)

with all other terms equal to zero. In the above expressions,
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most of the terms are expanded up to the next-leading order
(NLO) with respect to the small momenta, except for f2 on®

L Off and f2 o> Which are expanded up to the next-to-next-
leading-order (NNLO), because these latter three terms vanish
at LO and NLO.

By neglecting the terms P2, ¢* and ¢ - P, the above results
in equations (21) and (22) reduce exactly to the formulas
presented in [2], except for a global factor % difference in fis.

The new contributions arising from the terms with P> and ¢°
account for the NLO or NNLO relativistic contributions, in
the meanwhile off-shell effects are also taken into account by
the ¢ - P terms.

We would like to clarify that the above discussion on the
quasi-potential is based on the Lorentz covariant BS equation,
analyzed order by order. At the LO of couplings, the only
approximation used is the neglect of the positive part con-
tributions in equation (13). In the literature, quasi-potentials
are typically deduced by simply matching the physical scat-
tering amplitudes in quantum field theory and quantum
mechanics. It is important to note that these two methods are
not exactly equivalent. Generally, they yield the same results
at LO. However, at higher orders of three-momenta (and with
specific orders of the coupling), one of the main differences
between the two methods lies in how they handle the terms
involving q - P. These terms are exactly zero in the latter
method, while they can be determined in a unique form by the
former method. In this work, these off-shell terms are con-
sidered our accompanying results, and for completeness, we
have conveniently retained them.

In the non relativistic limit only the coefﬁcients of the
contributions from the mteraction Lagrangian in equation (8)
[2]. It is worthy noting that after imposing the on-shell con-
dition the operators of Oé’, 4 acquire finite contributions at
NLO in the non-relativistic expansion, and (’); starts to
receive finite contribution at NNLO. When retaining the off-
shell effects, the operators of (’)277)11)12)13, which vanish in the
on-shell case, receive nonzero contributions that are propor-
tional to g - P. Therefore the physical systems that have
nonzero matrix elements with (’)2’7’11’12’13 could be sensitive
to the off-shell effects.

For physical systems such as hydrogen atom, practical
calculations for the matrix elements of these terms indicate
that these terms may contribute nonzero values at higher
orders. For example, when only considering the orbital part,
one has

<n10 ‘ et ‘ n10>:O,
w(q=+mg)

q-P _ 2a
<210| 12>+ md) ‘310>“13n

where n, [, 0 refer to the quantum numbers of the wave
functions of hydrogen atom under Coulomb potential, and «,
denotes the fine-structure constant.

when my = 0, (23)

2.3. Potential in another form suitable for both momentum and
coordinate spaces

As pointed out in [7], it is not straightforward to match the
potential form of [2] into the coordinate space when pro-
moting the momentum as an operator. It is noted that for
atomic systems there is a simple recipe to overcome this issue
by choosing proper kinematical variables. E.g., typically one
could take ¢ and p; (the three-momentum of particle 1) [21],
instead of ¢ and P, to conveniently relate the potentials in the
momentum and coordinate spaces. Therefore we propose a
different form to express the potential in momentum space as

Vg, P) = P@%ZﬂﬂWPoaqm)

i=1

(24)

where the three-momenta p; and ¢ are utilized. Here we introduce
the superscript II for the operators O}, in order to distinguish the
operator basis of [2], labeled as (9,I in this work. The operator
basis O}' can be separated into three types, spin-independent, one-
spine-dependent, and two-spine-dependent. The spin-independent
and one-spin-dependent operators are chosen as

(25)
and the two-spin—dependent operators are chosen as

O =04 o’

ol = %a‘” -qo’ - q,

Ol

1l
5|
Q

I
Oll

a
SE
|

(26)

with p = 2™ and Q = q x p,. In principle, one could also

mg + my,
construct additional forms for the operators, such as

Ol =50 qa’ - Q.

O&: —o“-po’-Q, (27)

which are however not independent from the above sixteen terms
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due to the following relations

0 _ Al I 1 1 9l
O17=013+ —q -p, 015 — 4 Oje»

u?

Oly = Ol + =p Of5 — 4 - p, O, (28)
Unlike the organization rule of the operators in equations (4) and
(5) as adopted in [2], we take a different strategy to classify the
operators into two groups in equations (25) and (26). Except for
the identity operator 01!, the other operators in equation (25)
contain one spin, which can be used to describe the system with
one polarized object. For the operators in equation (26), they all
involve two spins, which can be used to describe the physical
system with two polarized objects. The operators of
operators of O} 5 ¢ 7.13.14.15.16 Parity-odd.

Similar to the calculation in the last subsection, the
coefficients g; of the quasi-potential (24) at the LO of cou-
plings and with the full relativistic and off-shell effects, can
be expressed as

g = —glel FXiXs —p} —q-p)

x X%Xs—pl —q-p).

& = glgl Fi? XXy — p — q - p)),

& = glel Fi2(XiXs — p} — q - py).

&M = glel FuXi(X%Xs — b} — a4 - p)),

gl = o0 FuXo (XiXs — p2 — q - py),
g = gt el Flu(Ey — E3)(XoX4 — p? — q - ),

g = —glel Fu(E, — En(XiXs — p} — q - p)),

& =gledFIpiq* — (¢ - p), (29)
and
8" = —g & FirXiXo
— gl 8 F1ip;
g = 8585 Fiq - py
— 8¢ gV F12X, (Ey — Ej),
&' = & g Fiq - py
— g 8P Fi?X,(E> — Eu),
gy = —& & Fii*q?
— g g F1i*(Ey — E3)(E; — Ey),
g = —gS g Fi'Xo + g gl Fi'Xy,
g = —gd gy FuP(Ey — Ey)
+ 838l Fi(Ey — Ex),
g = gi g Ful(Ey — Es)p;]
+ Xiq -1,
Gie = 885 F
X [(E1 — E3q - p, + Xiq°]. (30)

After expanding these coefficients in terms of the small

three-momenta p; and ¢, we obtain

16
Vg, p) — VIR = P> OMg, p)g " (@.p). B

i=1

where the coefficients of the NR potential are given by

41;12 + q2 +4qp,

2 2
NR _ a_b 4 +q"+4p,
g] __gs gs (l - 2

8m,;

IR R

8m? )’

1
& =g a1’ (m -

32m,‘2mb2

PP+’ +dep

6p12 +3¢% + 6qp,
32m} ’

NR __ bo2f 1
83 *gsags.u<4mh2*

32m2m}

1 47 g A

6p]2 +3¢%+ 6qp,
32mt ’

g =g g u(%

_ 4pl2 +3¢% 4+ 6qp, )
9

16m;

16mam}?
NR__ a b, [ 1 4l +dtdep
gs gs gP H 2my 16mazmb

2
NR __ a, b, 4 T2qp
g6 __ngSILL 8md

2
NR _ _a_ b, 4 t2qp
8 =8 8&H smp

_ 4p? +3q> + 6qp,
16m; ’

NR
8 = 0,
(32)
and
NR _ _ga b i’ [ 437+ 64p,
g9 - gP gP 4m,my Smaz
4l 3Pt eqp | PP pi
8mg? S &8 16m2m?’
g R — gagh 2 A0 4 gagb 9’ +2gp,
10 S eS8 l6mazmb2 P oP l6m3mh ’
2
NR _ _a_b,2 9P a, b, 24 +24p
gll gs gS ® 16ml,2m,,2 + gP gPM 16m,,,m,,3 ’
NR__ _a_b,2 4
812 B gs gs K 16m,,2mh2 ’
NR _ _ _a_b,3f 1 6p’+3¢°+6qp
g13 gs gP K SWLHZWU, 64mfm;,
_ 4p? + 34> + 6qp,
64mazm,?
2 2
b 1 4p +3q"+6qp
+ glfgs /ﬁ 2 : 3,2 1
8mgmy, 64m; mj;
6pl2 +3q2+6q~p1
64mamb4 ?
2 2
NR _ _a_b 39 1+29p, a4 _b 39 +29p
Bia = B 8 iz, y T SR Es 7
NR _ & 8519,
15 8m[,mb2 ’
NR 858l g’
=_S5H 33
g16 8mam}? ( )
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We would like to mention that the on-shell conditions are
not applied in the above calculation, namely the off-shell
effects are kept in the results of equations (32) and (33). By
imposing the on-shell condition, one will get

q-p =—50" (34)

and the potential can then take a different form when higher-
order contributions are considered.

3. Non-relativistic potential in the coordinate space

Although it is straightforward to calculate the relativistic
potential in the momentum space, such as those in
equations (29) and (30), there is still no viable way to get its
counterpart in the coordinate space. In contrast, the NR
potential in coordinate space can be derived by performing
the standard Fourier transformation. For the LO NR
potential, the effects of the long-range part have been dis-
cussed in [2, 7, 22], and the effects of the short-range part
are analyzed in [7, 22]. To make a direct comparison with
the potential in [2], we will first revisit the long-range part
of VLNR a5 discussed in the former reference. As an
improvement, the higher-order contributions from the full
relativistic and off-shell effects will be taken into account.
More importantly, we will also perform Fourier transfor-
mation of the potentials in the new basis introduced in
section 2.3 and derive their expressions in the coordinate
space by simultaneously keeping the short-range and long-
range parts.

3.1. Long-range potential in coordinate space for the hybrid
representation

In [2], the variable P/m, in the long-range potential part of
VLNR (20) is interpreted as the classical velocity, which
remains unaffected by the Fourier transformation with respect
to g. Meanwhile, the former reference only focuses on the
long-range potential between two macroscopic objects, in
which the short-range parts are not so relevant.

It is mentioned that most of the g* terms in equation (21),
except the one in f, (otherwise it will vanish), will be
neglected when performing the Fourier transformation in the
study of the hybrid representation. This is a valid approx-
imation for a large class of models, since after the Fourier
transformation ¢> gives a factor of m@/m?2, which is strongly
suppressed due to the tiny mass myg of the exchanged spin-0
particle. Furthermore, since P/m,, is considered to be a classic
velocity, instead of an operator, the spin- and r-dependent
structures for the on-shell parts of the potentials in coordinate
space will remain the same with the LO ones as given in [2].
The relativistic corrections manifest in some global factors

related to the velocity squared. While, for the off-shell parts,
different structures with spin and r dependences will appear.

The explicit expressions in the coordinate space can be
obtained via the Fourier transformation

VLNR(I', P) = I%VI,NR(q, P)eiq-r

= ZV_I, NR

=S ViR + VIR, 35)

Utilizing the properties of Fourier transformation delineated
in Appendix B, one can match from the corresponding
potentials of equation (20) in momentum space to the forms
in the coordinate space, and the terms with relativistic
corrections that survive in the on-shell condition are
found to be

I,NR a b P2 p?
VENR — 1- 2 2 |y
1,on 85 8y 2m2 2 0,

2p2
b.a b myP Vi
85 85 Tom2mzr '

VidR =[o% - oG — (% - F) (o - F) ()

=—0’ o

b P? 1 g
X I:_gsags 16mb2 + gl; gP (_ 4my, +

P? 1
+ 8mamb) ] m‘,zr'z Vb’

2
Viek =(0"+ ab) - (P x i‘)gsagsb(% + 2

mqP?
8m;}

4m}
3m2P? p? 3p? e}
T lemt am? 16m2 2 Vo,
iy, 4my; 16m, 2mg 1
VI,NR __(a.a o O'b) A (P % ’—.) a b1 mg
S,on T gs gs 4 4m;,2
3m2P? 3p? G Vi
T 2 2. Y0
16my, 16m; ) 2mg;r
2
LNR __ b a, b g
Von = (% - P)(o”-P ——W
8,0on ( )( )gs 85 16m2mir 0>
LNR _ / _a N Y T
Voon = (0 + 07) T 8s 8p (Zmb 4m;}

P\ gt P\ ay,
4m,my, 8 8s 2 4m? am? 2mgur 0

LNR __ a b = a b ma m,P?
VlO,on_(o' —a)-r gsgp( - E

2my, 4mp
P a b1 P r\]| a
4ml,mb) + gP gs 2 4ma2 4m,,2 2marvb’
LNR __ b a_b a_b
Vidon = —(0* X 07) - P(gs & My 1 &p & mg)
2
m_y
16m“2mb2r 0
ViR = —[o“- (P x F)a? - F + o9 - Fab - (P x F)]
2
b Mg a_ b M 1
x (g4 — —
(gs 8p g, — 8P Es sm,z) iz 2V

(36)
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and the terms contributed by the off-shell effects are given by

I,NR Sgs 8s (ma +mb) 2 =\2
Viett: = —pppipiz LGP — GE® - P71V,
a b
8s & —
Vagii = =0+ 015 5GP — G(P - P 1W,

Vet =[2Go® - Po-P — G,P - F(o" -Fo’ - P

8 glmamy, + g gl (m + mi) v

+ 0% Pol - 7)]

16m3m,)3r2 0,
ViaR =(o® - Pt - F — o Fab - P)
a_ b 2 2
8p &p (Mg — myy C P.F
A%
16m[,3m,,3rz 2 0,

b, 3 a b 3
LNR b —85'8pMa + 8 85 M _
V11off—(‘7a'P+0"P)—8asz GP -V,

I,NR
i

8$gyma + g5 sdmp
2Oﬁ_(o-a.P _ o-b.p)Sl’4PS’CP Vo,

8mumb1
VAR =[P - 7(0 x a¥) - F — G(o* x ") - P]

géglmy + g gdma v
— L, 2 2., 07

lﬁmazmbzr2 (37)
with r = |r|, F = r/r and
Vo= L g-mor
0= 4mr ’
G=mor+1,
Cy = m¢r? + 3mor + 3. (38)

By neglecting the higher-order contributions featured by
the P

Zand P - F terms in the aforementioned expressions, we
can exactly recover the results presented in equations (3.6, 3.8,
4.6, and 4.7) of [2], with the exception of a global factor of %
in V5 that already exists in the momentum space. It is noticed
that eight terms, V21,6,7,8, 11.12.13,14> Which are zero at LO [2],
receive non-vanishing higher-order contributions from the
relativistic and off-shell effects. It is also interesting to point
out that the NLO and NNLO corrections are absent for Vs,
though it receives contribution at LO. In contrast, contributions
that depend on the square of the velocity emerge for the other
potentials. These new contributions may provide further
insights for laboratory experiments, enabling more compre-
hensive analyses.

3.2. NR potential in coordinate space for the new operator
basis

In the study of [2], the variable P/m, is simply interpreted as
the velocity. Strictly speaking, for the Hamiltonian of a two-
particle system in coordinate space, p, represents the
momentum operator — i%, with r the relative position vector
pointing from particle 1 to particle 2, and (p,)/m; corre-
sponds to the velocity of particle 1. Furthermore, in the
Fourier transformation, the operator p, in potentials in the
coordinate space should be placed at the far right of the
expressions [21]. Since P is a mixture of p; and ¢, the

operator P can not be positioned freely in the coordinate
space. Therefore, the optimal approach is to use p; and q as
variables, instead of ¢ and P as proposed in [2], to express the
potential in momentum space and then transfer them to
coordinate space. When discussing both the short-range and
long-range potentials for the atomic systems, the counterpart
of the terms with ¢ - p; in momentum space will be retained in
our calculation when performing the Fourier transformation.
The potential in the coordinate space is written as

16
V(I‘, ﬁl) N VIII,NR = Z ViHI’NR
i=1

16
= Z Ozl'u(r’ ﬁl)hiNR(r’ ﬁl)’
i=1

(39

where the operator basis of O!'\(r, p,) has one-to-one corre-
spondence with OZH in equations (25) and (26). The spin-
independent and one-spin-dependent operators are

O =
1 Y
oY =-¢*-L Oy'=-0"L,
n
Ol=ga. 7, OM =0’ . F,
m_ i N m_ i _p 4
06 :;_lo.a.pl’o7 :;_LU. 'pl, (40)
and the two-spin-dependent operators are
ol=g9. o?,
Oy =0 Fo’ - F,
om = liab “Fo - Py,
(’)HI—L -rFot - p,,
m _ 1
Op = -0 -p o’ Py,
1 A
Ool="06% Lot -F
m_ i 7
o= 7o Lot - p,,
Ol =(0 x a’) - F,
m_ |
Ol =L x ") - py . @1

with L =r x p,- We clarify that the operator p, in the
potential is understood to operate solely on the wave function
and does not act on r or 7 in the potential. The coefficients
R, p,) in equation (39) can be decomposed as

AR, ) = AR + WP}

+ 73 F AR + R +

+ th\éRf D
1h,6 F-p)).
(42)

where h,{‘m are only dependent on r, whose expressions are
presented in Appendix A.

Employing equations (39-42) and the expressions for
th in Appendix A, one can readily derive the potential in the
forms utilized in [7, 22]. As an illustrative example, upon

expanding the coefficients th in terms of a joint expansion
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of 1/m, and 1/m, to second order, one obtains

gp gp

4m myr3 {OHI[CI
oM C, — 167363 (r)]
— QWM G 4383 (r)])

12 (mg + my)?

Vi = 4363 (r)]

=~ H8Y 1 OMG + )

4m mpr-

Al olll_mi+mi _
Oy’ G2 — Oz 2oy 7 OO

4rr383m)]},  (43)
wherein the relations in equation (B.5) has been used. In
equation (43), the first two terms are identical to those pre-
sented in equation (3) of [22], while the third term is new and
corresponds to the NLO relativistic contribution. Analo-
gously, we further derive other types of potentials contributed
by different combinations of g{**’ and g&" couplings:

Vi = —gd g W{Om[

+

2+ mH[~4iCiFp, — 4p? — 4nr?83 @) + mir] ]

Smfmbzrz

C G
+ OIH e + 01311 #212 + OIH
Amr

12C— G — 127Tr363(r)]
223 >

16m;mgr

V lﬁ) w { OHI ]rz

Gyml]

2,33

» ul2iCim2iFp, +2CmE + (6C; —
8mgmyr

m2mj

_ vru(m3+m£>&3<r)]
I 1LG — 167383 (r)]
+ O 8m, m;,;z
363
OIII ul[C — 4mr°6°(r)] }’

8my, mbr3

Vis = —gigg W05 15 + O

G)mj)

’423

y pl2iCim ip, +2Cm2 + (6C; —
8mymyr

3.2
mgm

_ 7rp,(ma2 + mb2)63(r) ]

+ OLG—16mE D]

8my, m2r

+ OIH#[C] G+ lznrﬁs‘(r)] ).
Sml,mb s

(44)

The newly calculated potentials in equation (44) and the
updated one in equation (43) are ready for use to conduct the
laboratory experimental analyses in future.

4. Summary

In this study, we carry out an in-depth calculation of the
interaction potentials with spin-0O particle exchange between
two spin-1/2 fermions. Our calculation is based on the fra-
mework of Bethe—Salpeter equation, in conjunction with
scattering amplitude analysis. Relativistic contributions and
off-shell effects are carefully taken into account. The poten-
tials in both momentum- and coordinate-space representations

are calculated. The on-shell results at LO in the non-relati-
vistic expansion in our study coincide with those reported in
[2], with the exception of a global factor% in Vik. It is found
that several terms in the potential receive non-vanishing
corrections from the relativistic and off-shell contributions.

Apart from the revised calculation along the line of [2],
we propose a different operator basis to construct the inter-
action potential, in order to conveniently calculate the
potential in the coordinate space. Both relativistic and off-
shell effects are included to derive the interaction potentials
with the new operator basis in the momentum and coordinate
spaces. These NLO relativistic corrections are generally much
smaller than the LO contributions. However, we naively
expect that experimental systems involving high-speed
objects may still receive contributions. Furthermore, certain
types of potentials that are zero at LO but nonzero at NLO
suggest that experimental datasets should be analyzed
carefully.
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Appendix A Expressions for A"

In this Appendix, we list the expressions for th defined in

equation (42). The coefficients hf\}R take the form
FmZ+m2)+ 8m2m?
h NR __ _ b mg b b
gS gs 8m, m,,zr ’
bmg+mg
h B Sgs 2m2m2 ’
a bmE+mHG
h = 85 85 2mimr?
_ a_bml+mf
hl 4 = 885 5, Zmd
s =0,
h1,6 == O (A])
The coefficients h R are given by
hNR— ga b plmg (ml + 3m3) + 8mZmZ1G
2.1 S &8 32m[, mj; 2r2 ’
ANR _ oa b p@mg +3mi) G
22— gs S 16mt,4m1,2r2 ’
h NR _ _a_b uQm}+3m) G
23 S S8 1611141712 3 ’
+3m} )
pNR _ a,b 3u(m] b
24 gS gs 8m4mh2r ’
hyR =0,
NR a b p@mg+3mp)
hye = =858~ (A.2)

>
mgtmg;
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The coefficients h}jR are given by
[m2(mdr? —3mor—3) — 2m il
hN _ _pa b i
7,1 85 8p SmZmprs ’
hi% =0,
a b pG
h7 3 = gs gp 4m3r2’
a b pmi+md)
h7 4 = — 8 8 Tdm
his =0,
NR _
h7e = 0.

The coefficients hij are given by
[m() (3m[, + mh) + Sm thC1
hN — a _bp
31 gs gs 32ml, my Fr2 ’
b pBmg +2m) G
h NR a
3.2 gS gs 16mazm,;‘r2 ’
h _ agb u(?&ma2 + 2m,,2)C2
3’3 S S l()mazmb“r3 ’
h glgh 3uBmg +my)
8s 8s 8mZmir
hi§ =0,
(B3m?2 +2mp?)
hNR — _pa b pBOmg A3
3.6 S o8 mazmb4 ( )
The coefficients k) are given by
pNR _ _ ja ,blmini+3mp) +8mimp1C
41 = P &S 16m3m,,2r2 ’
NR a, bm] +mb)C1
h gP gs dmimprt
b Cm2+3mHG
h NR — o4 a
4.3 gp gs 8ma3mb2r3 ’
n s gigl 30mg +3my)
P N 4m,‘fm,,2r ’
NR
h% =0,
NR a b2@mi +3mp)
h4,6 — T 6p &S mamp (A-4)
The coefficients h R are given by
RNR _ g a,blmdGmg +mi) + Smimi]C
5.1 S OP 16m2mjr? ’
RNR _ _a,bmi £ mi)G
5.2 S Sp 4mzm3r2 ’
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3(3m +mb)
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The coefficients A R are written as
6.j
h NR _ _gagh u[2ml/2C1 + mbz( m02r2+ 3mor+ 3)]
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NR
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10

The coefficients hgljR

The coefficients h;jR

are given by

NR _ a b Bmgmg +mg)+8mimd)C
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(A.8)

(A.9)

(A.10)
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The coefficients hf\l“}- are given by

a b plmg (mgrd = 2mgr* = 9mor —9) — 3m; G|

hNR _
11,17 gP gP 16m2mprt ’
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The coefficients h: ; are given by

a b pl3mgmd +mi) + 8mimi1G
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. NR .
The coefficients hy,; are given by
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a b pBm? C2+mb( mor +2m0r + 9mor+9)]
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The coefficients hf;“}- are given by

hlS 1=0,

h15 2=0,

hli 3= glfgshsmacﬁ,

hg%& =0,

h15 5=0,

h15,6 = —glfgsbﬁmbz. (A.15)

The coefficients iS , are given by
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(A.16)

Appendix B Useful formulas in Fourier
transformation

The potential in coordinate space is defined as
Vir, —i+] = FIV (. p))]

— 4 g7
= [ @ )3e v V(q p])]l place p; at far right and replace p; with 7i7

(B.1)

Some useful formulas for the Fourier transformation are

1 U e — 1o
[q2+m§]:me = we
Fl 2+ ———1=iWr’GrF,
44
f[q+ s1=Wr G T + GaTjal,
9i99% 1 4
Fl P 2] iWrt G Ty + G T2l

q,qq q
f[q - :i] =Wr3[Cy1Tju,1 + Ca2 Tz + Caz T3l

(B.2)
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where W = ﬁef’”“’, and the coefficients are expressed as
Co1=—GC, + 167383 (r),
Cy = G — 47r363(r),
G = —[m()373 + 6m02r2 + 15mgr + 157]

+ 927383 (r),
G =—Cyy,
Cy1 =[mGr* + 10mgr3 + 45mir? + 105mor + 105]

— [44(mgr? + 1) + 70417363 (r),
Ci = Gy + damiris3(r),
Cy3=—Cy,

(B.3)

with Cy, defined in equation (38). The tensor structures in
equation (B.2) are defined as

T = 1y,

T2 = Oy,

L1 = Fif Ty,

Lo = Fibj + Fjbu + Fi by,
T, = FiFjrFy,

Tjn,2 = Fifjby + FifyOp
+ I_',‘fltsj‘k + I_‘jl_'kéi[
+ FiF O + P10y,

Tj3 = 60k + O b + 6udji. (B.4)
Furthermore, the following relations hold:
[Eona=1 [ 807200,

[ 8O Tad = [ 80 T ¥in Va2 = 0,
f 83(r) Tijg,1d2 = % f 83(r) Tiju 3482,
[ e a0 =2 [ & @) a0, (B.5)

with o = 1, 2.

For the atomic systems, the properties of the radial com-
ponents of the wave functions impose specific constraints on
the contributions of various terms Specifically, 53(r)T,;,-,a con-
tributes exclusively to S-wave states, 63(r)T,~jk,(Y contributes to
S-wave and P-wave states, and 63(r)T,<jk1,a contributes to S-, P-,
and D-wave states. Consequently, one can express:

8 Ty = 363 0) Tya,

83 () Tjga = 0. (B.6)
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