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couple to quarks only through a T-conserving pseudosca-
lar vertex:

mq
Q ql p5q

(0) (b) (c)

FIG. 1. Graphs for the potentials of Eqs. (4), (5), and (6). (a)
(Monopole), (b) monopole-dipole, (c) (dipole).

Spero et a/. performed a Cavendish experiment to test
deviations from the Newtonian 1/r potential over the dis-
tance range 2 to 5 cm. Their experiment established an
upper bound for additional Yukawa-type interactions
given by

V(r) =- 6m ~m2 (1+ac ' );Ñr/A.

r

at their scale of greatest sensitivity A, -3 cm, a was found
to be less than 10 . Since the dimensionless coupling
constant for the gravitational interaction between two nu-
cleons is (mz/mp~) =10,we see that any anomalous
Yukawa coupling at a scale of 3 cm must have a dimen-
sional magnitude of 10 ' or smaller.

The measured g factor of the electron provides a limit
on nonelectromagnetic electron spin-spin interactions.
Since the experimental findings agree with the predictions
of QED to eight digits for experiments using ferromag-
nets, we get a limit for any nonelectromagnetic spin-spin
coupling at a scale of 1 cm of 10 Xa(A,,/1 cm)
=10 ', where A,, is the electron Cornpton wavelength

1and cx:
A limit on photon spin-spin tensor interactions is pro-

vided by Ramsey, based upon studies of the hydrogen
molecule. Ramsey finds that any nonmagnetic interac-
tion must be 4&10 " smaller than that between proton
magnetic moments. Extrapolated to a distance of 1 cm,
this establishes an upper limit on the dimensionless cou-
pling for an r tensor force of 10

Of these various limits, only the anomalous (mono-
pole) interaction limit of 10 ' obtained by Spero et al.
comes close to testing the range of possible strengths for
axion-mediated forces. Furthermore, we know of no obvi-
ous experimental limit on the macroscopic P- and T-
violating monopole-dipole interaction. Thus, the oppor-
tunity is ripe for pushing past known limits and perhaps
finding something new. We shall shortly discuss some ex-
periments which may do so.
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Under a Peccei-Quinn transformation,
Ñi g/2 i g/2mq~mqe, ql. ~e qL, , qR~e qg,

the phase of the 't Hooft vertex varies as
r

arg g k, gg
q

hence, e' becomes e' + "', where N = number of quark
flavors. Similarly, under chiral U(1),

and the 't Hooft vertex changes as e'e~e'e+ '. Thus, a
combined Peccei-Quinn and chiral U(1) transformation
with v= Ñq leaves 0 invariant.

To calculate the mass of the axion, we imagine per-
forming a Peccei-Quinn transformation; this leaves the
quark mass terms unchanged, but changes 0 to 0+60.
We now undo this change of 0 by reabsorbing b,8 into the
quark mass sector by the combined chiral SU(N))&U(1)
transformation which minimizes the energy. This gives

where Fis the scaleof Peccei-Quinn symmetry breaking.
However, a pure Peccei-Quinn transformation changes

the phase multiplying the 't Hooft vertex. It is energeti-
cally unfavorable to change this phase (which requires en-

ergies of the order of the mass of the g'), so the Peccei-
Quinn transformation is compensated for by a combined
chiral U(1) and chiral SU(N) transformation which leaves
the phase invariant and minimizes the energy. Since the
quark masses are not zero, these combined (Peccei-
Quinn) [U(1)q ] [SU(X)~j transformations cost energy,
and the axion acquires a small mass. If, in addition, the
effective 8 parameter Hcff is not zero, the axion will also
couple to the quarks with T-violating scalar vertices.

To seehow this all works, consider the quark-mass and
T-violating sectors,

AXIONS H ã=mãuu cosh'ã+m~dd coshO~+ . (10)

A particularly well-motivated proposal for a very light
spin-0 boson is the axion. It arises in models to explain
the smallness of a potentially large P- and T-violating
coupling in QCD.

The axion is the quasi-Nambu-Goldstone boson of a
spontaneously broken Peccei-Quinn quasisymmetry. If
the Peccei-Quinn symmetry were not broken by the
t Hooft vertex associated with fermion emission in in-
stanton fields, the axion would be massless and would

i&q

mj

subject to the constraint 40ã+40~+48,+.. . =60.
Since the quark bilinears acquire the vacuum expectation
value (uu)=(dd)= . =V&0, the minimum is found
to be at

Short Range Macroscopic Scalar Forces
(Moody, Wilczek)

¥ New short range macroscopic forces beyond the SM?

Monopole-Monopole Monopole-Dipole Dipole-Dipole

3

EDM and fifth-force experiments to constrain SD forces is the main focus of this paper.

The axion [14–17], invoked to solve the strong CP problem, is the most familiar example of

a mediator of a new SD force that is constrained by EDM searches. In fact, EDM limits place

upper bounds on the product of axion couplings g1
sg

2
p, appearing in Eq.(1), that are several

orders of magnitude more stringent than those derived from fifth-force experiments. This is

a result of the unique properties of the axion and its induced couplings to matter. However,

as we show in this paper, if one considers more general SD forces that are mediated by

light scalars with arbitrary couplings, fifth-force experiments can place significantly tighter

bounds in large regions of parameter space.

A non-zero EDM arises from a term in the Lagrangian of the form

L = −d
i

2
ψ̄ σµνγ5 ψ Fµν . (2)

In the non-relativistic limit, it gives rise to the Hamiltonian

H = −d $E ·
$S

S
, (3)

for a particle of spin $S in an electric field $E. For a non-zero value of d, CP violation is

apparent from the CPT theorem and the behavior of the Hamiltonian under time-reversal

T ( $E · $S) = −$E · $S. The current bounds for the EDM of the neutron, the electron, and the

diamagnetic Mercury atom are

|dn| < 2.9× 10−13 e fm (90% C.L.) [18],

|de| < 10.5× 10−15 e fm (90% C.L.) [19],

|dHg| < 3.1× 10−16 e fm (95% C.L.) [20], (4)

respectively. If a non-zero EDM is measured, the next logical step is to determine the source

of TVPV responsible for the observed effect. In particular, this paper is concerned with the

possibility of a new macroscopic SD force.

II. LABORATORY FIFTH-FORCE EXPERIMENTS

There are several high-precision fifth-force experiments that put bounds on the product

of the scalar (gs) and pseudoscalar (gp) nucleon level couplings, as a function of the mass mϕ.

These experiments employ different physical principles [13]. Currently, the most stringent

bounds come from neutron Qbounce experiments [21, 22] for the range λ >∼ 2 × 10−5 m,

corresponding to mϕ
<∼ 10−2 eV. This corresponds to the high mass region of the so called

axion window. For the range λ <∼ 2 × 10−1 m, corresponding to mϕ
>∼ 10−6 eV and the

low mass region of the axion window, the most stringent bounds come from experiments

measuring the precession frequency shift in the presence of an unpolarized mass [11, 12, 23].
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¥ How can we search for such forces?

¥ Can they be correlated with CP violation and EDM constraints?
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$S
S
, (3)

for a particle of spin $S in an electric field $E. For a non-zero value of d, CP violation is

apparent from the CPT theorem and the behavior of the Hamiltonian under time-reversal

T ($E á$S) = ! $E á$S. The current bounds for the EDM of the neutron, the electron, and the

diamagnetic Mercury atom are

|dn| < 2.9 " 10! 13 e fm (90% C.L.) [18],

|de| < 10.5 " 10! 15 e fm (90% C.L.) [19],

|dHg| < 3.1 " 10! 16 e fm (95% C.L.) [20], (4)

respectively. If a non-zero EDM is measured, the next logical step is to determine the source

of TVPV responsible for the observed e! ect. In particular, this paper is concerned with the

possibility of a new macroscopic SD force.

II. LABORATORY FIFTH-FORCE EXPERIMENTS

There are several high-precision fifth-force experiments that put bounds on the product

of the scalar (gs) and pseudoscalar (gp) nucleon level couplings, as a function of the mass m" .

These experiments employ di! erent physical principles [13]. Currently, the most stringent

bounds come from neutron Qbounce experiments [21, 22] for the range %># 2 " 10! 5 m,

corresponding to m"
<# 10! 2 eV. This corresponds to the high mass region of the so called

axion window. For the range %<# 2 " 10! 1 m, corresponding to m"
># 10! 6 eV and the

low mass region of the axion window, the most stringent bounds come from experiments

measuring the precession frequency shift in the presence of an unpolarized mass [11, 12, 23].
¥ How can we search for such forces?

¥ Can they be correlated with CP violation and EDM constraints?



Spin-Dependent Macroscopic Scalar Forces
(Moody, Wilczek)

¥ CP violating coupling can induce non-zero EDMs.

Monopole-Dipole

¥ Fifth-force and EDM experiments can then be complementary 
   probes of such phenomena. 
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7sg~p 1759p 1759p

couple to quarks only through a T-conserving pseudosca-
lar vertex:

mq
Q ql p5q

(0) (b) (c)

FIG. 1. Graphs for the potentials of Eqs. (4), (5), and (6). (a)
(Monopole), (b) monopole-dipole, (c) (dipole).

Spero et a/. performed a Cavendish experiment to test
deviations from the Newtonian 1/r potential over the dis-
tance range 2 to 5 cm. Their experiment established an
upper bound for additional Yukawa-type interactions
given by

V(r) =- 6m ~m2 (1+ac ' );Ñr/A.

r

at their scale of greatest sensitivity A, -3 cm, a was found
to be less than 10 . Since the dimensionless coupling
constant for the gravitational interaction between two nu-
cleons is (mz/mp~) =10,we see that any anomalous
Yukawa coupling at a scale of 3 cm must have a dimen-
sional magnitude of 10 ' or smaller.

The measured g factor of the electron provides a limit
on nonelectromagnetic electron spin-spin interactions.
Since the experimental findings agree with the predictions
of QED to eight digits for experiments using ferromag-
nets, we get a limit for any nonelectromagnetic spin-spin
coupling at a scale of 1 cm of 10 Xa(A,,/1 cm)
=10 ', where A,, is the electron Cornpton wavelength

1and cx:
A limit on photon spin-spin tensor interactions is pro-

vided by Ramsey, based upon studies of the hydrogen
molecule. Ramsey finds that any nonmagnetic interac-
tion must be 4&10 " smaller than that between proton
magnetic moments. Extrapolated to a distance of 1 cm,
this establishes an upper limit on the dimensionless cou-
pling for an r tensor force of 10

Of these various limits, only the anomalous (mono-
pole) interaction limit of 10 ' obtained by Spero et al.
comes close to testing the range of possible strengths for
axion-mediated forces. Furthermore, we know of no obvi-
ous experimental limit on the macroscopic P- and T-
violating monopole-dipole interaction. Thus, the oppor-
tunity is ripe for pushing past known limits and perhaps
finding something new. We shall shortly discuss some ex-
periments which may do so.

arid

H ã,=mãut ug+mgdLdg+ +H.c.

2

HT ÑÑ0 GG .
32m2

(7a)

(7b)

Under a Peccei-Quinn transformation,
Ñi g/2 i g/2mq~mqe, ql. ~e qL, , qR~e qg,

the phase of the 't Hooft vertex varies as
r

arg g k, gg
q

hence, e' becomes e' + "', where N = number of quark
flavors. Similarly, under chiral U(1),

and the 't Hooft vertex changes as e'e~e'e+ '. Thus, a
combined Peccei-Quinn and chiral U(1) transformation
with v= Ñq leaves 0 invariant.

To calculate the mass of the axion, we imagine per-
forming a Peccei-Quinn transformation; this leaves the
quark mass terms unchanged, but changes 0 to 0+60.
We now undo this change of 0 by reabsorbing b,8 into the
quark mass sector by the combined chiral SU(N))&U(1)
transformation which minimizes the energy. This gives

where Fis the scaleof Peccei-Quinn symmetry breaking.
However, a pure Peccei-Quinn transformation changes

the phase multiplying the 't Hooft vertex. It is energeti-
cally unfavorable to change this phase (which requires en-

ergies of the order of the mass of the g'), so the Peccei-
Quinn transformation is compensated for by a combined
chiral U(1) and chiral SU(N) transformation which leaves
the phase invariant and minimizes the energy. Since the
quark masses are not zero, these combined (Peccei-
Quinn) [U(1)q ] [SU(X)~j transformations cost energy,
and the axion acquires a small mass. If, in addition, the
effective 8 parameter Hcff is not zero, the axion will also
couple to the quarks with T-violating scalar vertices.

To seehow this all works, consider the quark-mass and
T-violating sectors,

AXIONS H ã=mãuu cosh'ã+m~dd coshO~+ . (10)

A particularly well-motivated proposal for a very light
spin-0 boson is the axion. It arises in models to explain
the smallness of a potentially large P- and T-violating
coupling in QCD.

The axion is the quasi-Nambu-Goldstone boson of a
spontaneously broken Peccei-Quinn quasisymmetry. If
the Peccei-Quinn symmetry were not broken by the
t Hooft vertex associated with fermion emission in in-
stanton fields, the axion would be massless and would

i&q

mj

subject to the constraint 40ã+40~+48,+.. . =60.
Since the quark bilinears acquire the vacuum expectation
value (uu)=(dd)= . =V&0, the minimum is found
to be at

CP violating coupling 

11

V. SPIN-DEPENDENT FORCES FROM A GENERIC LIGHT SCALAR

We saw in the last section that the axion, introduced to solve the Strong CP problem
gives rise to a macroscopic SD force. However, in this case the EDM limits dominate over
the Þfth-force limits by several orders of magnitude. This is a result of the precise relation
between the strong CP parameter! ind. (see Eqs.(35) and (36)) and its couplings to the
quarks.

However, for more generic light scalars, unrelated to the strong CP problem, the potential
of the SD force is independent of! ind . As a result the EDM constraints on! ind have no impact
on the size of the macroscopic SD force mediated by the light scalar.In this case, Þfth-force
experiments can provide useful bounds on macroscopic SD forces. The presence of such new
macroscopic SD forces can still be bounded from EDM constraints,but the nature of these
constraints will be quite di! erent compared to the axion scenario; inparticular, they will
be unrelated to ! ind . In this paper, we explore the possibility of such new SD forces and
derive the resulting constraints from EDM and Þfth-force experiments. Depending on the
region of parameter space, the EDM and Þfth force constraints will be competitive or one
will dominate over the other.

The possibility of new SD forces can be realized in a microscopic theoryvia the quark-level
Lagrangian

L ! qq = gq
s " øqq+ gq

p " øqi#5q, (37)

where the light scalar mediator is denoted by" and gq
s and gq

p denote the scalar and pseu-
doscalar couplings to a quark of ßavorq. These quark-level couplings, in turn induce the
e! ective scalar and pseudoscalar couplings to the nucleons (N ) denoted bygs and gp respec-
tively

L ! NN = gs " øNN + gp " øNi #5N. (38)

In principle, the nucleon couplings can take on di! erent values for the neutron and proton.
For simplicity, we neglect this possibility and assume isospin symmetric couplings to the
nucleon isospin doubletN . These e! ective couplings of" to nucleons, in turn generate ef-
fective couplings to nuclei whose charges add up to give rise to a coupling to macroscopic test
objects. In particular, the product of couplingsg1

sg2
p in the potential between macroscopic

test objects in Eq.(1) can be obtained in this manner.
In general, one can also consider couplings of" to leptons which will contribute to

the e! ective coupling to an atom. Once again, for the sake of simplicity, we neglect this
possibility. We note that these simplifying assumptions do not a! ect main conclusions about
using EDM and Þfth-force experiments to constrain SD forces in a complementary manner.

2

I. INTRODUCTION

Tests of the fundamental discrete symmetries of charge conjugation C, parity P, and
time-reversalT have played a vital role in developing the underlying structure of theStan-
dard Model (SM). For example, the discovery of parity-violation ledto the formulation of
the electroweak sector of the SM as a chiral gauge theory, wherefermonic matter Þelds
are understood as appropriate combinations of left- and right-handed chiral multiplets in
di! erent representations of the electroweak gauge group. The phenomena of CP violation
or equivalently T violation, as dictated by the CPT theorem for local quantum Þeld theo-
ries, has been extensively studied in various systems within the SM and beyond. CP and
P violation, which we denote TVPV (T-violation and P-violation), can be indicative of a
new macroscopic spin-dependent (SD) force arising from a light mediator particle associated
with physics beyond the SM. Through its CP-odd couplings, the samemediator particle can
induce non-zero electric dipole moments (EDMs) in electrons, hadrons, and nuclei. In this
paper, we exploit this connection and explore EDM tests as a complementary probe of new
macroscopic SD forces.

There are a host of ÔÞfth-forceÕ experiments [1Ð9] devoted to direct searches of new SD
forces. For example, one of the more recent techniques [10] looksfor a shift in the spectrum
of gravitational quantum states of ultracold bouncing polarized neutrons that can arise from
new SD forces. In another set of experiments a search for NMR frequency shifts is performed
when an unpolarized mass is moved near and far from an ensemble of polarized 129Xe and
131Xe gas [11], or polarized3He gas [12].

A SD force mediated by a scalar! of massm! , will give rise to a potential of the form

V(r ) = g1
sg2

p
"# 2 áör
8$M2

! m!

r
+

1
r 2

"
e! m! r , (1)

where g1
s is the e! ective scalar charge of the unpolarized test object,g2

p, M2, "# 2 denote the
e! ective pseudo-scalar charge, mass, and spin of the polarized test object, and ör = "r/r is the
unit vector from the unpolarized particle to the polarized particle. Precision measurements
in Þfth-force experiments constrain the size of this potential, giving rise to upper limits on
the product of couplingsg1

sg2
p as a function ofm! . A summary and detailed discussion of

such limits from various experiments using di! erent techniques can be found in Ref. [13].
The existence of a new SD force necessarily gives rise to TVPV. The search for non-zero

electric dipole moments (EDMs) in electrons, nuclei, and atoms provides one powerful test
of TVPV. Comparing the analysis of EDM searches with those of Þfth-force experiments
can be a useful way to distinguish TVPV arising from new SD forces. This may not always
be possible depending on the parameter space spanned by the massand couplings of the
SD force mediator. In this paper, we examine this question and identify the regions in
parameter space that are most sensitive to either EDM limits or Þfth-force limits and those
regions where the two types of limits are competitive. Such a comparative study between
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only gsgp violates P and T (and hence CP if CPT holds)
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Most experiments look for new forces between electrons. More recently, much progress was made in searches for new
forces between nucleons. Comparisons between the coupling strengths for electrons and nucleons require a particular model
of the new interaction; therefore it is not given here. We summarize present searches in the following exclusion plots. Fig. 2
shows the exclusion for new interactions between electrons (a chapter in the recent review [50] has been devoted to this);
the distance scale ! on this plot is chosen to be equal to that in Fig. 3 in order to facilitate comparison. Fig. 3 shows the
exclusion for new interactions between nucleons. The range for the ! values shown here is given by optimum sensitivity of
neutron and polarized 3He experiments.

This article is organized as follows: Theoretical motivations to short-range interactions are overviewed in Section 2.
Casimir force studies are analyzed in Section 3. Measurements of atomÐsurface van der Waals interaction and test of
non-Newtonian gravitational interaction by atom interferometry are presented in Section 4. GRANIT constraints for Stan-
dard Model extensions are mentioned in Section 5. Eventual constraints for spin-dependent short-range forces from the
GRANIT experiment are derived in Section 6. A torsion pendulum searches for axion and exotic forces are overviewed in
Section 7, in particular a new large improvement for constraints for such forces is presented. New experimental constraints

Fig. 3. Searches for short-range nucleon spin-dependent interactions. Each line is excluding the region to the top. The limit from [54] (1, black solid line)
was achieved by comparing the precession frequencies of atomic magnetometers made from either 199 Hg or Cs atoms in presence of a 475 kg source
mass made from lead. The sensitivity of the experiment with polarized 3He, described in Section 9, is indicated in (2, thin dotted blue line). The limit
from Ref. [55] (3, blue solid line) was derived from the spin relaxation rate in polarized 3He cells; after subtraction of known causes of relaxation, the
new interaction would constitute an extra relaxation channel. An even more constraining limit from experiments on storage of polarized 3He has been
proposed [56] but the validity of the method used is being questioned [57]. The limit in Ref. [58] (4, thin green dash-dotted line) was derived from the
study of gravitationally bound states of ultra-cold neutrons; the publication [58] triggered much of the recent experimental activity on spin-depe ndent
short-range nucleonÐnucleon interaction presented in the present proceedings. The limit from Ref. [59] (5, thick green dashed line, proposed in [60 ]) was
derived from comparison of the precession frequencies of ultra-cold neutrons in chambers in a vertical magnetic Þeld, where the chamber bottom plate
is made from a more dense material than top plate and vice versa. A force as in Eq. (2) changes the precession frequency with a sign which depends on
the position of the denser plate. The limit from Ref. [61] (6, thick green solid line, criticized in Ref. [62]) was derived from the fact that a new short- range
spin-dependent force would cause spin relaxation of ultra-cold neutrons in vicinity of a reßecting surface; limits on the depolarization probabili ty were
turned into limits on new forces of that kind. The transmission of polarized neutrons through a horizontal slit with an absorber at the top would look
differently from the measurement if a su ! ciently strong new interaction given by Eq. (2) would modify the wave functions of the gravitational bound
states in dependence of their spin, as in a SternÐGerlach experiment. We add projected sensitivities of different stages of the study of gravitationa lly bound
quantum states: The constraint 7 is from a proposal to measure the neutron spin-dependent change of the transmission of UCNs through a horizontal slit
made from an absorber and a mirror with GRANIT. This proposal was discussed in Ref. [164] (7, thin purple dotted line). The ultimate goal of GRANIT is
to measure energy difference between quantum states of stored ultra-cold neutrons. Assuming an accuracy of 10 ! 6 , which is achieved if the precision is
just the natural line-width of the transition, and assuming this line width is limited only by the neutron beta decay lifetime, we get the second projec t
limit (8, thin purple dotted line). In Ref. [63], a more optimistic scenario where a precision better than the size of the natural line width with the hel p
of a Ramsey technique is discussed. An analogous method based on spin precession in a setup measuring neutron EDM and not requiring gravitational
quantum states of neutrons is proposed in Ref. [64]. Finally, note that although most constraints presented on this Þgure are bound to the distance ran ge
corresponding approximately to the Òaxion windowÓ there are no formal limitations for extending the range when considering axion-like particles; t hus
one should remember about experimental constraints at even shorter distances as those presented in Section 12.

Bounds on Spin-Dependent Fifth Forces
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Contents lists available at ScienceDirect

Comptes Rendus Physique

www.sciencedirect.com

Ultra cold neutron quantum states / ƒtats quantiques des neutrons ultra froids

Short-range fundamental forces

Forces fondamentales ˆ courte portŽe

I. Antoniadis a, S. Baesslerb,c, M. BŸchner d, V.V. Fedorove, S. Hoedlf , A. Lambrecht i ,
V.V. Nesvizhevsky g,! , G. Pignolh, K.V. Protasovh, S. Reynaudi , Yu. Sobolevj

a CERN, Geneve, CH-1211, Switzerland
b University of Virginia, Charlottesville, VA-22904, USA
c Oak Ridge National Laboratory, Oak Ridge, TN-37831, USA
d LCAR, Univ. Paul Sabatier, 115 route de Narbonne, Toulouse, F-31077, France
e PNPI, Orlova Roscha, Gatchina, RU-188300, Russia
f CENPA, Univ. of Washington, Seattle, WA 98195-4290, USA
g ILL, 6 rue Jules Horowitz, Grenoble, F-38042, France
h LPSC/IN2P3-UJF-INPG, 53 rue des Martyrs, Grenoble, F-38026, France
i LKB, ENS/UPMC/CNRS, Campus Jussieu, Paris, F-75005, France
j Inst. for Physics, Johannes Gutenberg-Univ. Mainz, 7 Staudingerweg, Mainz, G-55128, Germany

a r t i c l e i n f o a b s t r a c t

Article history:
Received 5 January 2011
Accepted after revision 14 May 2011
Available online 3 August 2011

Keywords:
Extra short-range interactions
Neutron physics
Axion-like forces

Mots-clŽs :
Interactions ˆ courte portŽe
Physique des neutrons
Les forces type-Axion

We consider theoretical motivations to search for extra short-range fundamental forces
as well as experiments constraining their parameters. The forces could be of two types:
1) spin-independent forces; 2) spin-dependent axion-like forces. Different experimental
techniques are sensitive in respective ranges of characteristic distances. The techniques
include measurements of gravity at short distances, searches for extra interactions on
top of the Casimir force, precision atomic and neutron experiments. We focus on neutron
constraints, thus the range of characteristic distances considered here corresponds to the
range accessible for neutron experiments.
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r Ž s u m Ž

Nous considŽrons les motivations thŽoriques pour rechercher des forces fondamentales
supplŽmentaires ˆ courte portŽe ainsi que des expŽriences contraignant leurs param•tres.
Les forces peuvent •tre de deux types : 1) les forces indŽpendantes du spin ; 2) les forces
dŽpendant du spin, de type axion. DiffŽrentes techniques expŽrimentales sont sensibles
dans des domaines diffŽrents de distances caractŽristiques. Les expŽriences incluent des
mesures de gravitŽ ˆ courte distance, la recherche dÕinteractions supplŽmentaires en
plus de la force de Casimir, des expŽriences atomiques et neutroniques de prŽcision.
Comme nous mettons lÕaccent sur les contraintes neutroniques, la gamme de distances
caractŽristiques considŽrŽes ici correspond ˆ la plage accessible pour les expŽriences avec
les neutrons.
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EDM and Þfth-force experiments to constrain SD forces is the mainfocus of this paper.
The axion [14Ð17], invoked to solve the strong CP problem, is the mostfamiliar example of

a mediator of a new SD force that is constrained by EDM searches. In fact, EDM limits place
upper bounds on the product of axion couplingsg1

sg2
p, appearing in Eq.(1), that are several

orders of magnitude more stringent than those derived from Þfth-force experiments. This is
a result of the unique properties of the axion and its induced couplings to matter. However,
as we show in this paper, if one considers more general SD forces that are mediated by
light scalars with arbitrary couplings, Þfth-force experiments canplace signiÞcantly tighter
bounds in large regions of parameter space.

A non-zero EDM arises from a term in the Lagrangian of the form

L = −d
i
2

ø! " µ! #5 ! Fµ! . (2)

In the non-relativistic limit, it gives rise to the Hamiltonian

H = −d $E á
$S
S

, (3)

for a particle of spin $S in an electric Þeld $E. For a non-zero value ofd, CP violation is
apparent from the CPT theorem and the behavior of the Hamiltonianunder time-reversal
T( $E á$S) = −$E á$S. The current bounds for the EDM of the neutron, the electron, and the
diamagnetic Mercury atom are

|dn| < 2.9× 10! 13 e fm (90% C.L.) [18],

|de| < 10.5× 10! 15 e fm (90% C.L.) [19],

|dHg | < 3.1× 10! 16 e fm (95% C.L.) [20], (4)

respectively. If a non-zero EDM is measured, the next logical stepis to determine the source
of TVPV responsible for the observed effect. In particular, this paper is concerned with the
possibility of a new macroscopic SD force.

II. LABORATORY FIFTH-FORCE EXPERIMENTS

There are several high-precision Þfth-force experiments that put bounds on the product
of the scalar (gs) and pseudoscalar (gp) nucleon level couplings, as a function of the massm" .
These experiments employ different physical principles [13]. Currently, the most stringent
bounds come from neutron Qbounce experiments [21, 22] for the range%>∼ 2 × 10! 5 m,
corresponding tom"

<∼ 10! 2 eV. This corresponds to the high mass region of the so called
axion window. For the range%<∼ 2 × 10! 1 m, corresponding tom"

>∼ 10! 6 eV and the
low mass region of the axion window, the most stringent bounds comefrom experiments
measuring the precession frequency shift in the presence of an unpolarized mass [11, 12, 23].
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The axion [14–17], invoked to solve the strong CP problem, is the most familiar example of

a mediator of a new SD force that is constrained by EDM searches. In fact, EDM limits place

upper bounds on the product of axion couplings g1sg
2
p, appearing in Eq.(1), that are several

orders of magnitude more stringent than those derived from fifth-force experiments. This is

a result of the unique properties of the axion and its induced couplings to matter. However,

as we show in this paper, if one considers more general SD forces that are mediated by

light scalars with arbitrary couplings, fifth-force experiments can place significantly tighter

bounds in large regions of parameter space.
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¥ In the non-relativistic limit, the EDM interaction with an 
external field is given by
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EDMs and CP Violation

¥ Interaction is T-odd:

¥ By CPT theorem, a non-zero EDM implies CP violation.

¥ Any new sources of CP violation can contribute to EDMs.

¥ How can short range spin-dependent macroscopic forces 
contribute to EDMs?
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Baryon Asymmetry
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scalars for baryon asym

QCD Matrix Elements
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Nuclear & atomic MEs
Schiff moment, other P- &
T-odd moments, e-nucleus
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Figure 1: Electric dipole moments and the interplay of various scales. For purposes of
illustration, only the impact of dimension six CPV operators is shown. Below the weak
scale, some operators, such as the fermion EDMs and quark chromo EDMs are e! ectively
dimension five, carrying an explicit factor of the Higgs vacuum expectation value !H 0". A
summary of the operators of interest to this article appears in Table 1. See text for a full
discussion.

Section 2, we briefly review the conventions and definitions, drawing on the notation of the introductory
article. Section 3 contains a discussion of physics at the hadronic scale, including the running of the
weak-scale operators to the hadronic scale, the various hadronic interactions cast in the context of
chiral symmetry, and a summary of sensitivities of these hadronic quantities to the weak-scale operator
coe" cients. In Section 4, we review the status and open questions related to computations at the nuclear
and atomic scales, including P- and T-odd nuclear moments such as the Schi! moment. We follow this
discussion with an illustrative overview of the high-scale physics that may give rise to the weak-scale
operators in Section 6. A discussion and outlook appears in Section 7. Throughout the article, we refer
to other recent reviews [11, 12, 13, 14] when appropriate, endeavoring to avoid excessively duplicating
material that is amply covered elsewhere but updating when necessary. We also do not discuss other
tests of CP and T violation, given the limitations of space for this review (for a discussion of T violation
in neutron and nuclear ! -decay, see the companion article in this issue on charged current processes).

5

¥ Effective operators at hadronic scale. CP violation encoded 
in Wilson coefficients.

(Engel, Ramsey-Musolf, Van Kolck)
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¥ New physics corresponds to a new ultralight degree of freedom.
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VI. EDMS INDUCED BY A GENERIC LIGHT SCALAR

Most sensitive test Experiments typically study EDMs in three types of systems: (1) nu-

cleons and hadrons, (2) nuclei, and (3) paramagnetic and diamagnetic atoms and molecules.

The calculation of EDMs in terms of the underlying microscopic sources of CP violation is

complicated by the interplay of atomic, nuclear, and hadronic physics. In particular, here we

are interested in being able to obtain the dependence of the induced EDMs on the quark or

nucleon level couplings gq
s, gq

p and gs, gp respectively. For specificity, we focus on estimating

the contribution to the EDM (dHg ) of the diamagnetic mercury atom. The current bound

on dHg is given in Eq. (4).

Reviews [41, 46] are now available that describe the steps and associated theoretical issues

in calculating EDMs. Typically, the underlying motivation in such calculations is to detect

the e↵ects on EDMs of new CP-violating sources that lie beyond the electroweak scale. In

such cases, one starts with an e↵ective Lagrangian just above the hadronic scale ⇠ 1 GeV, in

terms of the light quark and gluon degrees freedom, obtained after integrating out all heavier

degrees of freedom in the SM and beyond. The e↵ects of the CP-violating sources beyond

the electroweak scale are contained in the Wilson coe�cients (Ci ) of the operators (Oi ) in

the e↵ective Lagrangian. For example, the quark EDMs and chromo-EDMs (CEDMs) are

described by the e↵ective Lagrangian

L = � i
2

X

q=u,d,s

dq q̄�µ⌫�
5q Fµ⌫ � i

2

X

q=u,d,s

d̃q q̄�µ⌫q Gµ⌫ , (39)

where the coe�cients dq and d̃q give the magnitudes of the induced EDM and CEDM respec-

tively. A complete list of such e↵ective operators can be found in Ref. [46]. These include

e↵ective nucleon-nucleon, electron-electron, and electron-nucleon interactions. In addition,

nucleon-nucleon interactions are typically dominated by low momentum pion exchanges.

This requires one to take into account the e↵ect of CP-odd pion-nucleon couplings (ḡ⇡NN )

that could be induced via CP-odd quark and gluon interactions. Obtaining nuclear and

atomic EDMs starting from such an e↵ective Lagrangian and the pion-nucleon couplings

involves highly non-trivial nuclear and atomic calculations.

The calculation of the contribution of the new light scalar ' to the EDM of the diamag-

netic mercury atom dHg cannot be formulated in terms of an e↵ective Lagrangian above

the hadronic scale, as is usually done for contributions of physics beyond the SM. This can

be understood by noting that the scalar mass m' ⌧ ⇤QCD , so that its e↵ects cannot be

integrated out into Wilson coe�cients above the hadronic scale. Instead, one must treat

the light scalar ' as a fully propagating dynamical degree of freedom in the nuclear calcu-

lations. Such a calculation is beyond the scope of the present work. Here we will only give

order of magnitude estimates with the aim of demonstrating the complementarity of EDM

constraints with fifth-force experiments.

¥ Effective operator approach no longer applicable.

¥ For macroscopic short forces:

¥ EDM calculations need to incorporate the new light propagating 
  degree of freedom in nuclear and atomic calculations.
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¥ Two sources of CP violation in the SM:

- CKM phase

- QCD 

5

conÞrmed and studied in great detail through the mixing and decay properties of K- and
B-mesons. The contribution of the CKM phase to the neutron EDM is of orderdn ! 10! 32e
cm [25Ð33], about six orders of magnitude below the current experimental limit. This small
value is the result of the requirement of all three generations of quarks to participate in a
system that conserves ßavor. The intrinsic quark EDMs Þrst occur at orderO(G2

F↵s), with
ßavor-changing interactions occurring in the intermediate virtual states. As a result, CKM
induced e↵ects give a negligible background to EDM searches.

The second source of CP violation in the SM arises from the CP violating term in the
QCD Lagrangian

L CP V
QCD = ø✓

↵s

16⇡
Ga

µ⌫
÷Gaµ⌫ , (5)

where ÷Ga
µ⌫ = "µ⌫⇢�Ga⇢�. The parameter ø✓ is given by

ø✓ = ✓ + arg(det M "
q), (6)

where the ✓-parameter arises from the non-trivial structure of the QCD vacuum andM "
q

corresponds to the original non-diagonal quark mass matrix after electroweak symmetry
breaking. Such a term is not forbidden by any symmetry and is in fact expected due to the
non-trivial structure of the QCD vacuum, the anomaly in the axialU(1)A transformation
on quarks [34, 35], and the absence of any massless quark in the SM. This term corresponds
to a source offlavor-diagonal CP violation, as opposed to the CKM phase associated with
ßavor-changing CP violation.

The existence of gauge-equivalent vacuum instanton conÞgurations, with distinct topo-
logical properties, requires the QCD vacuum to be given by a gauge-invariant superposition
of these conÞgurations. Each such vacuum state is labeled by a✓-parameter

|✓" =
X

n

ein ✓|n", (7)

wheren denotes the topological winding number of the instanton conÞguration correspond-
ing to the vacuum state|n". This non-trivial structure of the QCD vacuum is accounted for
by the ✓-term in Eqs.(6) and (5). There exists a connection between the QCD✓-vacuum and
the axial U(1)A anomaly. The axialU(1)A transformation corresponds to a phase rotation
of a quark Þeld given by

 # e! i↵�5 , ø # ø e! i↵�5, (8)

where↵ denotes the phase rotation angle. This transformation is a classical symmetry of
the Lagrangian in the limit of massless quarks. However, it is anomalous at the quantum
level. The divergence of the current

j 5
µ = ø �µ�5 , (9)

¥ CKM-generated EDM is too small for current experimental 
sensitivities

1 Introduction

dn ⇠ 10�31 e cm (1)
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confirmed and studied in great detail through the mixing and decay properties of K- and

B-mesons. The contribution of the CKM phase to the neutron EDM is of order dn ! 10! 32e

cm [25–33], about six orders of magnitude below the current experimental limit. This small

value is the result of the requirement of all three generations of quarks to participate in a

system that conserves flavor. The intrinsic quark EDMs first occur at order O(G2
F ! s), with

flavor-changing interactions occurring in the intermediate virtual states. As a result, CKM

induced e! ects give a negligible background to EDM searches.

The second source of CP violation in the SM arises from the CP violating term in the

QCD Lagrangian

LCPV
QCD = "̄

! s

16#
Ga

µ! G̃
aµ! , (5)

where G̃a
µ! = $µ!"# Ga"# . The parameter "̄ is given by

"̄ = " + arg(detM "
q), (6)

where the " -parameter arises from the non-trivial structure of the QCD vacuum and M "
q

corresponds to the original non-diagonal quark mass matrix after electroweak symmetry

breaking. Such a term is not forbidden by any symmetry and is in fact expected due to the

non-trivial structure of the QCD vacuum, the anomaly in the axial U(1)A transformation

on quarks [34, 35], and the absence of any massless quark in the SM. This term corresponds

to a source of ßavor-diagonalCP violation, as opposed to the CKM phase associated with

flavor-changing CP violation.

The existence of gauge-equivalent vacuum instanton configurations, with distinct topo-

logical properties, requires the QCD vacuum to be given by a gauge-invariant superposition

of these configurations. Each such vacuum state is labeled by a " -parameter

|" " =
!

n

ein$|n", (7)

where n denotes the topological winding number of the instanton configuration correspond-

ing to the vacuum state |n". This non-trivial structure of the QCD vacuum is accounted for

by the " -term in Eqs.(6) and (5). There exists a connection between the QCD " -vacuum and

the axial U(1)A anomaly. The axial U(1)A transformation corresponds to a phase rotation

of a quark field given by

%# e! i%&5 %, %̄# %̄e! i%&5 , (8)

where ! denotes the phase rotation angle. This transformation is a classical symmetry of

the Lagrangian in the limit of massless quarks. However, it is anomalous at the quantum

level. The divergence of the current

j5
µ = %̄&µ&5%, (9)

¥ Thus, a non-zero EDM would be interpreted in the SM as flavor 
  diagonal strong CP violation
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on quarks [34, 35], and the absence of any massless quark in the SM. This term corresponds
to a source offlavor-diagonal CP violation, as opposed to the CKM phase associated with
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logical properties, requires the QCD vacuum to be given by a gauge-invariant superposition
of these conÞgurations. Each such vacuum state is labeled by a✓-parameter

|✓" =
X
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ein ✓|n", (7)

wheren denotes the topological winding number of the instanton conÞguration correspond-
ing to the vacuum state|n". This non-trivial structure of the QCD vacuum is accounted for
by the ✓-term in Eqs.(6) and (5). There exists a connection between the QCD✓-vacuum and
the axial U(1)A anomaly. The axialU(1)A transformation corresponds to a phase rotation
of a quark Þeld given by

 # e! i↵�5 , ø # ø e! i↵�5, (8)

where↵ denotes the phase rotation angle. This transformation is a classical symmetry of
the Lagrangian in the limit of massless quarks. However, it is anomalous at the quantum
level. The divergence of the current

j 5
µ = ø �µ�5 , (9)

¥ CKM-generated EDM is too small for current experimental 
sensitivities
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confirmed and studied in great detail through the mixing and decay properties of K- and

B-mesons. The contribution of the CKM phase to the neutron EDM is of order dn ! 10! 32e

cm [25–33], about six orders of magnitude below the current experimental limit. This small

value is the result of the requirement of all three generations of quarks to participate in a

system that conserves flavor. The intrinsic quark EDMs first occur at order O(G2
F ! s), with

flavor-changing interactions occurring in the intermediate virtual states. As a result, CKM

induced e! ects give a negligible background to EDM searches.

The second source of CP violation in the SM arises from the CP violating term in the

QCD Lagrangian

LCPV
QCD = "̄

! s

16#
Ga

µ! G̃
aµ! , (5)

where G̃a
µ! = $µ!"# Ga"# . The parameter "̄ is given by

"̄ = " + arg(detM "
q), (6)

where the " -parameter arises from the non-trivial structure of the QCD vacuum and M "
q

corresponds to the original non-diagonal quark mass matrix after electroweak symmetry

breaking. Such a term is not forbidden by any symmetry and is in fact expected due to the

non-trivial structure of the QCD vacuum, the anomaly in the axial U(1)A transformation

on quarks [34, 35], and the absence of any massless quark in the SM. This term corresponds

to a source of ßavor-diagonalCP violation, as opposed to the CKM phase associated with

flavor-changing CP violation.

The existence of gauge-equivalent vacuum instanton configurations, with distinct topo-

logical properties, requires the QCD vacuum to be given by a gauge-invariant superposition

of these configurations. Each such vacuum state is labeled by a " -parameter

|" " =
!

n

ein$|n", (7)

where n denotes the topological winding number of the instanton configuration correspond-

ing to the vacuum state |n". This non-trivial structure of the QCD vacuum is accounted for

by the " -term in Eqs.(6) and (5). There exists a connection between the QCD " -vacuum and

the axial U(1)A anomaly. The axial U(1)A transformation corresponds to a phase rotation

of a quark field given by

%# e! i%&5 %, %̄# %̄e! i%&5 , (8)

where ! denotes the phase rotation angle. This transformation is a classical symmetry of

the Lagrangian in the limit of massless quarks. However, it is anomalous at the quantum

level. The divergence of the current

j5
µ = %̄&µ&5%, (9)

¥ Thus, a non-zero EDM would be interpreted in the SM as flavor 
  diagonal strong CP violation

Effects not 
associated with 
a macroscopic 
force
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conÞrmed and studied in great detail through the mixing and decay properties of K- and
B-mesons. The contribution of the CKM phase to the neutron EDM is of orderdn ! 10! 32e
cm [25Ð33], about six orders of magnitude below the current experimental limit. This small
value is the result of the requirement of all three generations of quarks to participate in a
system that conserves ßavor. The intrinsic quark EDMs Þrst occur at orderO(G2

F↵s), with
ßavor-changing interactions occurring in the intermediate virtual states. As a result, CKM
induced e↵ects give a negligible background to EDM searches.

The second source of CP violation in the SM arises from the CP violating term in the
QCD Lagrangian

LCP V
QCD = ø✓
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16⇡
Ga

µ⌫
÷Gaµ⌫ , (5)

where ÷Ga
µ⌫ = "µ⌫⇢�Ga⇢�. The parameter ø✓ is given by
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We see that the quark masses explicitly break the U(1)A symmetry of the Lagrangian even

at the classical level. The second term in Eq. (10), with the same structure as the QCD

CP violating term in Eq. (5), is the result of the anomaly and arises from the non-trivial

Jacobian in the QCD path-integral [36–39] that arises from the transformation in Eq. (8)
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Thus, for a U(1)A transformation of a massless quark, so that the mass term (mq) in Eq. (10)

vanishes, the only e! ect of the axial U(1)A transformation in Eq. (8) is to shift the value of

the &-parameter

&! &+ 2$. (12)

Since the U(1)A transformation just amounts to a change of variables in the QCD path

integral, the shift in Eq. (12) implies that the path integral cannot depend &, rendering it an

unphysical parameter. Thus, if there is at least one massless quark, the QCD CP violating

term can be completely removed by an appropriate U(1)A phase rotation.

However, it is now established that there are no massless quarks in the SM [40]. In this

case, in addition to the shift in the &-parameter, the U(1)A transformation also changes the

phase of the quark mass. In this case, the U(1)A transformation cannot be used to eliminate

the CP violating e! ect in QCD. Instead, it can only move the e! ect between the &-parameter

and the quark mass.
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where the heavy quarks c, b and t have been integrated out. Note that this term is propor-

tional to the product of quark masses so that in the presence of a massless quark, there is

no flavor-diagonal CP violation as expected.

Given that the contribution of the CKM phase to EDMs in the SM are negligibly small,

the observation of a non-zero EDM can be interpreted as arising from CP-violating mass

term in Eq. (13) or equivalently from the &̄-term in Eq. (5). The current limit on the neutron

EDM of |dn| < 2.9 " 10! 13 e fm, translates into the bound

| &̄| <# 10! 10. (14)

The SM provides no explanation for such a small value of &̄ and corresponds to the well-

known Strong CP problem.

6

associated with theU(1)A transformation, is given by

! µ j 5
µ = 2 im q

ø"# 5" +
$s

8%
Ga

µ!
÷Gaµ! . (10)

We see that the quark masses explicitly break theU(1)A symmetry of the Lagrangian even
at the classical level. The second term in Eq. (10), with the same structure as the QCD
CP violating term in Eq. (5), is the result of the anomaly and arises from the non-trivial
Jacobian in the QCD path-integral [36Ð39] that arises from the transformation in Eq. (8)

D" D ø" ! D" D ø" Exp
!
2i$

"
d4x

$s

16%
Ga

µ!
÷Gaµ!

#
. (11)

Thus, for aU(1)A transformation of a massless quark, so that the mass term (mq) in Eq. (10)
vanishes, theonly e! ect of the axialU(1)A transformation in Eq. (8) is to shift the value of
the &-parameter

&! &+ 2$. (12)

Since theU(1)A transformation just amounts to a change of variables in the QCD path
integral, the shift in Eq. (12) implies that the path integral cannot depend&, rendering it an
unphysical parameter. Thus, if there is at least one massless quark, the QCD CP violating
term can be completely removed by an appropriateU(1)A phase rotation.

However, it is now established that there are no massless quarks in the SM [40]. In this
case, in addition to the shift in the&-parameter, theU(1)A transformation also changes the
phase of the quark mass. In this case, theU(1)A transformation cannot be used to eliminate
the CP violating e! ect in QCD. Instead, it can only move the e! ect between the&-parameter
and the quark mass.

In fact, a ßavor-diagonalU(1)A transformation can be used to remove the overall phase
in the quark mass matrix so that all of the ßavor-diagonal CP violation is contained in the
ø&-term in Eq. (5), whereø&is given by Eq. (6). Alternatively, one can perform an axialU(1)A

rotation to eliminate the ø&-term so that the ßavor-diagonal CP violation e! ect is contained
entirely in CP violating quark mass terms

L CP V = i ø&
mumdms

mumd + mums + mdms

$
øu#5u + ød#5d + øs#5s

%
, (13)

where the heavy quarksc, b and t have been integrated out. Note that this term is propor-
tional to the product of quark masses so that in the presence of a massless quark, there is
no ßavor-diagonal CP violation as expected.

Given that the contribution of the CKM phase to EDMs in the SM are negligibly small,
the observation of a non-zero EDM can be interpreted as arising from CP-violating mass
term in Eq. (13) or equivalently from theø&-term in Eq. (5). The current limit on the neutron
EDM of |dn| < 2.9 " 10! 13 e fm, translates into the bound

| ø&| <# 10! 10. (14)

The SM provides no explanation for such a small value ofø& and corresponds to the well-
known Strong CP problem.

¥ Axial U(1) symmetry is anomalous

¥ For a massless quark, the net effect is a shift in the 

6

associated with theU(1)A transformation, is given by

! µ j 5
µ = 2 im q

ø"# 5" +
$s

8%
Ga

µ!
÷Gaµ! . (10)

We see that the quark masses explicitly break theU(1)A symmetry of the Lagrangian even
at the classical level. The second term in Eq. (10), with the same structure as the QCD
CP violating term in Eq. (5), is the result of the anomaly and arises from the non-trivial
Jacobian in the QCD path-integral [36Ð39] that arises from the transformation in Eq. (8)

D" D ø" ! D" D ø" Exp
!
2i$

"
d4x

$s

16%
Ga

µ!
÷Gaµ!

#
. (11)

Thus, for aU(1)A transformation of a massless quark, so that the mass term (mq) in Eq. (10)
vanishes, theonly e! ect of the axialU(1)A transformation in Eq. (8) is to shift the value of
the &-parameter

&! &+ 2$. (12)

Since theU(1)A transformation just amounts to a change of variables in the QCD path
integral, the shift in Eq. (12) implies that the path integral cannot depend&, rendering it an
unphysical parameter. Thus, if there is at least one massless quark, the QCD CP violating
term can be completely removed by an appropriateU(1)A phase rotation.

However, it is now established that there are no massless quarks in the SM [40]. In this
case, in addition to the shift in the&-parameter, theU(1)A transformation also changes the
phase of the quark mass. In this case, theU(1)A transformation cannot be used to eliminate
the CP violating e! ect in QCD. Instead, it can only move the e! ect between the&-parameter
and the quark mass.

In fact, a ßavor-diagonalU(1)A transformation can be used to remove the overall phase
in the quark mass matrix so that all of the ßavor-diagonal CP violation is contained in the
ø&-term in Eq. (5), whereø&is given by Eq. (6). Alternatively, one can perform an axialU(1)A

rotation to eliminate the ø&-term so that the ßavor-diagonal CP violation e! ect is contained
entirely in CP violating quark mass terms

L CP V = i ø&
mumdms

mumd + mums + mdms

$
øu#5u + ød#5d + øs#5s

%
, (13)

where the heavy quarksc, b and t have been integrated out. Note that this term is propor-
tional to the product of quark masses so that in the presence of a massless quark, there is
no ßavor-diagonal CP violation as expected.

Given that the contribution of the CKM phase to EDMs in the SM are negligibly small,
the observation of a non-zero EDM can be interpreted as arising from CP-violating mass
term in Eq. (13) or equivalently from theø&-term in Eq. (5). The current limit on the neutron
EDM of |dn| < 2.9 " 10! 13 e fm, translates into the bound

| ø&| <# 10! 10. (14)

The SM provides no explanation for such a small value ofø& and corresponds to the well-
known Strong CP problem.

5

conÞrmed and studied in great detail through the mixing and decay properties of K- and
B-mesons. The contribution of the CKM phase to the neutron EDM is of orderdn ! 10! 32e
cm [25Ð33], about six orders of magnitude below the current experimental limit. This small
value is the result of the requirement of all three generations of quarks to participate in a
system that conserves ßavor. The intrinsic quark EDMs Þrst occur at orderO(G2

F ! s), with
ßavor-changing interactions occurring in the intermediate virtual states. As a result, CKM
induced e! ects give a negligible background to EDM searches.

The second source of CP violation in the SM arises from the CP violating term in the
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q

corresponds to the original non-diagonal quark mass matrix after electroweak symmetry
breaking. Such a term is not forbidden by any symmetry and is in fact expected due to the
non-trivial structure of the QCD vacuum, the anomaly in the axialU(1)A transformation
on quarks [34, 35], and the absence of any massless quark in the SM. This term corresponds
to a source ofßavor-diagonalCP violation, as opposed to the CKM phase associated with
ßavor-changing CP violation.

The existence of gauge-equivalent vacuum instanton conÞgurations, with distinct topo-
logical properties, requires the QCD vacuum to be given by a gauge-invariant superposition
of these conÞgurations. Each such vacuum state is labeled by a" -parameter
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wheren denotes the topological winding number of the instanton conÞguration correspond-
ing to the vacuum state|n". This non-trivial structure of the QCD vacuum is accounted for
by the " -term in Eqs.(6) and (5). There exists a connection between the QCD"-vacuum and
the axial U(1)A anomaly. The axialU(1)A transformation corresponds to a phase rotation
of a quark Þeld given by
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where ! denotes the phase rotation angle. This transformation is a classical symmetry of
the Lagrangian in the limit of massless quarks. However, it is anomalous at the quantum
level. The divergence of the current
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IV. EDMS AND SPIN-DEPENDENT FORCES VIA AXIONS

The generation of non-zero EDMs in the SM, through the CKM phase or theø! -term, is not
associated with a macroscopic SD force, where macroscopic is understood as corresponding
to an interaction ranger ! 1/m ! . In this case, there is no real connection between EDM
and Þfth-force experiments. Such a connection can arise in scenarios beyond the SM that
involve a light mediator particle with CP-violating couplings to SM fermions. A well-known
example of such a light mediator particle is the axion, introduced to provide a dynamical
explanation of the strong CP problem. Here we give a brief overview of the axion mechanism
which can then be contrasted with the case of a more general scalar mediator considered in
this work. In particular, it will be shown that the correlation between constraints from EDM
and Þfth-force experiments is quite di! erent for the axion compared to a more general scalar.
More comprehensive and detailed reviews on axion physics can be found, for example, in
Refs. [41, 42].

For the purposes of illustration, we consider the axion mechanism in the Kim-Shifman-
Vainstein-Zakharov (KSVZ) model [43, 44]. In this model, the SM is augmented by a new
massless electroweak-singlet quark" and a complex scalar"

#L = $µ"   $µ" + µ2
! "   " " %! ("   " )2 + ø" i /$" + y ø" R" " L + h.c., (15)

where" L = 1
2(1" &5)" and " R = 1

2(1+ &5)" denote the left-handed and right-handed chiral
components of the new massless quark respectively. This Lagrangian, and thereby the full
SM, is invariant under a global chiralU(1)PQ Peccei-Quinn transformation

" # e! i "# 5 " , ø" # ø" e! i "# 5 , " # e! 2i " " . (16)

However, as in the case of the axialU(1)A transformation, the Peccei-Quinn transformation
is anomalous and contributes a shift to the value of! , as shown in Eqs.(11) and (12). Thus,
by an appropriateU(1)PQ, one can completely rotate away theø! -parameter, thereby solving
the Strong CP problem.

However, since a massless quark is not observed in nature, theU(1)PQ symmetry of
the Lagrangian must be spontaneously broken at a high enough scalef a so that the new
quark acquires a large enough mass to avoid current experimental limits. The spontaneous
symmetry breaking occurs via the vacuum expectation value

$" %= f a, (17)

and the excitations about this ground state value can be written as

" (x) =
f a + ' (x)

&
2

ei a(x)/f a . (18)

The heavy Þeld' (x) corresponds to radial excitations and a(x) is the axion corresponding
to the Goldstone boson associated with the spontaneous symmetry breaking ofU(1)PQ.

¥ SM + massless colored quark + complex scalar
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¥ U(1) Peccei-Quinn symmetry
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However, since theU(1)PQ symmetry is explicitly broken by the chiral anomaly, the axion
is a pseudo-Goldstone boson and acquires a potential and a non-zero mass. Experimental
constraints impose the boundaries of 109

!< f a !< 1012 GeV, which constitute the Òaxion-
windowÓ [42].

After the spontaneous symmetry breaking, the new electroweak-singlet quark acquires
a large massm! ! f a via its Yukawa interaction with ! in Eq. (15). Similarly, the Þeld
! (x) in Eq. (18) also acquires a large mass. One can construct a low energy e" ective theory
by integrating out the heavy Þelds" (x), ! (x), where the low energy degrees of freedom
correspond to SM Þelds and the axion. The general form of such an e" ective theory is
obtained by observing the symmetry properties of the full theory. Note that theU(1)P Q

transformation in Eq. (16) results in the shifts

ø# " ø# + 2$,
a(x)
f a

"
a(x)
f a

# 2$, (19)

so that the quantity ø#+ a(x)
f a

is left invariant. This implies that all axion interactions in the
e" ective theory must be formulated in terms of this invariant combination as a fundamental
building block. In particular, the ø#-parameter in Eq. (5) must be replaced as

ø# " ø# +
a(x)
f a

, (20)

so that the ø# parameter is e" ectively promoted to a dynamical Þeld. The e" ective interaction
Lagrangian for the axion now takes the general form

L a =
$s

16%

!
ø# +

a
f a

"
Ga

µ"
÷Gaµ" # mqøqq. (21)

Note that in general additional terms from higher dimension axion interactions are also
possible and the kinetic term for the axion1

2 &µa(x)&µa(x) is implicit. We have included the
quark mass term in the deÞnitionL a since, as discussed below, an axialU(1)A transformation
can move the axion coupling entirely into the quark mass term. For purposes of illustration,
we work in QCD with one quark ßavor.

The couplings of the axion to the SM matter fermions can be made more explicit by
rotating ø#-term in Eq. (5) into the quark mass matrix before introducing axions by the
replacement in Eq. (20). The relevant terms in the Lagrangian of QCD with a single quark
ßavor are

L = ø#
$s

16%
Ga

µ"
÷Gaµ" # mq øqq. (22)

Performing an axial U(1)A transformation to rotate the ø#-term into the quark mass, the
Lagrangian can be brought into the form

L = # mq cosø# øqq+ mq sin ø# øqi' 5q, (23)
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¥ Effective Axion Lagrangian:
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which will reproduce the analog of the term in Eq. (13), when expanded to leading power
in ø✓ and generalized to three quark ßavors [45]. As before, the axion interactions in the
e↵ective theory can now be obtained by implementing the replacement in Eq. (20) to get

La = � cos
⇣

ø✓ +
a
fa

⌘

mqøqq + mq sin
⇣

ø✓ +
a
fa

⌘

øqi�5q, (24)

which is equivalent to the form in Eq. (21). The form of Eq. (24) makes manifest the
couplings of the axion to the SM quark. In general the axion can acquire a non-zero vacuum
expectation value (vev) so that

a(x) = hai + a(x), (25)

wherea(x) denotes the axion Þeld corresponding to excitations above the vevhai. After the
axion acquires a non-zero expectation value, the newinduced ø✓ parameter (✓

ind.

) is given by

✓
ind.

= ø✓ +
hai
fa

, (26)

so that the axion Lagrangian in Eq. (24) can be brought into the form

La = � cos
⇣

✓
ind.

+
a

fa

⌘

mq øqq + mq sin
⇣

✓
ind.

+
a

fa

⌘

øqi�5q. (27)

An axion potential is generated through non-perturbative QCD e↵ects which generate a
non-zero vev for the quark bilinear so that

V
⇣

✓
ind.

+
a

fa

⌘

= mq høqqi cos
⇣

✓
ind.

+
a

fa

⌘

. (28)

Similar, results can be derived when there is more than one quark ßavor. Generally, the
ground state axion potential, when expanded around its minimum, has the form

V (✓
ind.

) ' 1
2
�(0) ✓2

ind.

, (29)

where�(0) is the topological susceptibility and is given by�(0) = �mqhøqqi for one quark
ßavor and by

�(0) = � mumd

mu + md

høuu + øddi, (30)

for two quark ßavors. Since the minimization of the ground state axion potential requires
✓
ind.

= 0, there is no ßavor-diagonal CP violation and a correspondingly vanishing contri-
bution to the EDM. In this way, dynamical relaxation in the ground state axion potential
solves the strong CP problem and eliminates ßavor-diagonal CP-violation.

The presence of additional higher-dimensional CP-odd operators can generate terms that
are linear in ✓

ind.

in the axion potential. This can occur via mixed correlators of the form
[41]

�
CP

(0) = �i limk!0

Z

d4x eik·xh0|T (G ÷G(x),O
CP

(0))|0i. (31)
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However, since theU(1)PQ symmetry is explicitly broken by the chiral anomaly, the axion
is a pseudo-Goldstone boson and acquires a potential and a non-zero mass. Experimental
constraints impose the boundaries of 109

!< f a !< 1012 GeV, which constitute the Òaxion-
windowÓ [42].

After the spontaneous symmetry breaking, the new electroweak-singlet quark acquires
a large massm! ! f a via its Yukawa interaction with ! in Eq. (15). Similarly, the Þeld
! (x) in Eq. (18) also acquires a large mass. One can construct a low energy e" ective theory
by integrating out the heavy Þelds" (x), ! (x), where the low energy degrees of freedom
correspond to SM Þelds and the axion. The general form of such an e" ective theory is
obtained by observing the symmetry properties of the full theory. Note that theU(1)P Q

transformation in Eq. (16) results in the shifts

ø# " ø# + 2$,
a(x)
f a

"
a(x)
f a

# 2$, (19)

so that the quantity ø#+ a(x)
f a

is left invariant. This implies that all axion interactions in the
e" ective theory must be formulated in terms of this invariant combination as a fundamental
building block. In particular, the ø#-parameter in Eq. (5) must be replaced as

ø# " ø# +
a(x)
f a

, (20)

so that the ø# parameter is e" ectively promoted to a dynamical Þeld. The e" ective interaction
Lagrangian for the axion now takes the general form

L a =
$s

16%

!
ø# +

a
f a

"
Ga

µ"
÷Gaµ" # mqøqq. (21)

Note that in general additional terms from higher dimension axion interactions are also
possible and the kinetic term for the axion1

2 &µa(x)&µa(x) is implicit. We have included the
quark mass term in the deÞnitionL a since, as discussed below, an axialU(1)A transformation
can move the axion coupling entirely into the quark mass term. For purposes of illustration,
we work in QCD with one quark ßavor.

The couplings of the axion to the SM matter fermions can be made more explicit by
rotating ø#-term in Eq. (5) into the quark mass matrix before introducing axions by the
replacement in Eq. (20). The relevant terms in the Lagrangian of QCD with a single quark
ßavor are

L = ø#
$s

16%
Ga

µ"
÷Gaµ" # mq øqq. (22)

Performing an axial U(1)A transformation to rotate the ø#-term into the quark mass, the
Lagrangian can be brought into the form

L = # mq cosø# øqq+ mq sin ø# øqi' 5q, (23)

Axial U(1) Rotation
¥ Axial U(1) transformation can move all CP violation into the 
quark mass terms:

¥ Axion couplings to the quarks is now manifest.
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which will reproduce the analog of the term in Eq. (13), when expanded to leading power
in ø! and generalized to three quark ßavors [45]. As before, the axion interactions in the
e! ective theory can now be obtained by implementing the replacement in Eq. (20) to get

L a = ! cos
!

ø! +
a
f a

"
mqøqq+ mq sin

!
ø! +

a
f a

"
øqi" 5q, (24)

which is equivalent to the form in Eq. (21). The form of Eq. (24) makes manifest the
couplings of the axion to the SM quark. In general the axion can acquire a non-zero vacuum
expectation value (vev) so that

a(x) = "a#+ a(x), (25)

wherea(x) denotes the axion Þeld corresponding to excitations above the vev"a#. After the
axion acquires a non-zero expectation value, the newinduced ø! parameter (! ind. ) is given by

! ind. = ø! +
"a#
f a

, (26)

so that the axion Lagrangian in Eq. (24) can be brought into the form

L a = ! cos
!

! ind. +
a
f a

"
mq øqq+ mq sin

!
! ind. +

a
f a

"
øqi" 5q. (27)

An axion potential is generated through non-perturbative QCD e! ects which generate a
non-zero vev for the quark bilinear so that

V
!

! ind. +
a
f a

"
= mq "øqq#cos

!
! ind. +

a
f a

"
. (28)

Similar, results can be derived when there is more than one quark ßavor. Generally, the
ground state axion potential, when expanded around its minimum, has the form

V(! ind. ) $
1
2

#(0) ! 2
ind. , (29)

where #(0) is the topological susceptibilityand is given by#(0) = ! mq"øqq# for one quark
ßavor and by

#(0) = !
mumd

mu + md
"øuu + ødd#, (30)

for two quark ßavors. Since the minimization of the ground state axion potential requires
! ind. = 0, there is no ßavor-diagonal CP violation and a correspondingly vanishing contri-
bution to the EDM. In this way, dynamical relaxation in the ground state axion potential
solves the strong CP problem and eliminates ßavor-diagonal CP-violation.

The presence of additional higher-dimensional CP-odd operators can generate terms that
are linear in ! ind. in the axion potential. This can occur via mixed correlators of the form
[41]

#CP(0) = ! i limk! 0

#
d4x eik áx "0|T(G ÷G(x), OCP(0))|0#. (31)
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which will reproduce the analog of the term in Eq. (13), when expanded to leading power
in ø! and generalized to three quark ßavors [45]. As before, the axion interactions in the
e! ective theory can now be obtained by implementing the replacement in Eq. (20) to get

L a = ! cos
!

ø! +
a
f a

"
mqøqq+ mq sin

!
ø! +

a
f a

"
øqi" 5q, (24)

which is equivalent to the form in Eq. (21). The form of Eq. (24) makes manifest the
couplings of the axion to the SM quark. In general the axion can acquire a non-zero vacuum
expectation value (vev) so that

a(x) = "a#+ a(x), (25)

wherea(x) denotes the axion Þeld corresponding to excitations above the vev"a#. After the
axion acquires a non-zero expectation value, the newinduced ø! parameter (! ind. ) is given by

! ind. = ø! +
"a#
f a

, (26)

so that the axion Lagrangian in Eq. (24) can be brought into the form

L a = ! cos
!

! ind. +
a
f a

"
mq øqq+ mq sin

!
! ind. +

a
f a

"
øqi" 5q. (27)

An axion potential is generated through non-perturbative QCD e! ects which generate a
non-zero vev for the quark bilinear so that

V
!

! ind. +
a
f a

"
= mq "øqq#cos

!
! ind. +

a
f a

"
. (28)

Similar, results can be derived when there is more than one quark ßavor. Generally, the
ground state axion potential, when expanded around its minimum, has the form

V(! ind. ) $
1
2

#(0) ! 2
ind. , (29)

where #(0) is the topological susceptibility and is given by#(0) = ! mq"øqq# for one quark
ßavor and by

#(0) = !
mumd

mu + md
"øuu + ødd#, (30)

for two quark ßavors. Since the minimization of the ground state axion potential requires
! ind. = 0, there is no ßavor-diagonal CP violation and a correspondingly vanishing contri-
bution to the EDM. In this way, dynamical relaxation in the ground state axion potential
solves the strong CP problem and eliminates ßavor-diagonal CP-violation.

The presence of additional higher-dimensional CP-odd operators can generate terms that
are linear in ! ind. in the axion potential. This can occur via mixed correlators of the form
[41]

#CP(0) = ! i limk!0

#
d4x eik ·x "0|T(G ÷G(x), OCP(0))|0#. (31)
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which will reproduce the analog of the term in Eq. (13), when expanded to leading power

in !̄ and generalized to three quark flavors [45]. As before, the axion interactions in the

e! ective theory can now be obtained by implementing the replacement in Eq. (20) to get

La = � cos
⇣

!̄ +
a

fa

⌘

mq q̄q +mq sin
⇣

!̄ +
a

fa

⌘

q̄i" 5q, (24)

which is equivalent to the form in Eq. (21). The form of Eq. (24) makes manifest the

couplings of the axion to the SM quark. In general the axion can acquire a non-zero vacuum

expectation value (vev) so that

a(x) = hai+ a(x), (25)

where a(x) denotes the axion field corresponding to excitations above the vev hai. After the
axion acquires a non-zero expectation value, the new induced !̄ parameter (! ind. ) is given by

! ind. = !̄ +
hai
fa

, (26)

so that the axion Lagrangian in Eq. (24) can be brought into the form

La = � cos
⇣

! ind. +
a

fa

⌘

mq q̄q +mq sin
⇣

! ind. +
a

fa

⌘

q̄i" 5q. (27)

An axion potential is generated through non-perturbative QCD e! ects which generate a

non-zero vev for the quark bilinear so that

V
⇣

! ind. +
a

fa

⌘

= mq hq̄qi cos
⇣

! ind. +
a

fa

⌘

. (28)

Similar, results can be derived when there is more than one quark flavor. Generally, the

ground state axion potential, when expanded around its minimum, has the form

V (! ind. ) ' 1

2
#(0) ! 2

ind. , (29)

where #(0) is the topological susceptibilityand is given by #(0) = �mqhq̄qi for one quark

flavor and by

#(0) = � mumd

mu +md

hūu+ d̄di, (30)

for two quark flavors. Since the minimization of the ground state axion potential requires

! ind. = 0, there is no flavor-diagonal CP violation and a correspondingly vanishing contri-

bution to the EDM. In this way, dynamical relaxation in the ground state axion potential

solves the strong CP problem and eliminates flavor-diagonal CP-violation.

The presence of additional higher-dimensional CP-odd operators can generate terms that

are linear in ! ind. in the axion potential. This can occur via mixed correlators of the form

[41]

#CP(0) = �i limk!0

Z

d4x eik·xh0|T (GG̃(x),OCP(0))|0i. (31)

¥ Axion can acquire a non-zero vev:

¥ The Axion Lagrangian now takes the form:

Axion Vacuum Expectation Value 
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which will reproduce the analog of the term in Eq. (13), when expanded to leading power

in ✓̄ and generalized to three quark flavors [45]. As before, the axion interactions in the

e! ective theory can now be obtained by implementing the replacement in Eq. (20) to get

L a = ! cos
!
✓̄ +

a

f a

"
mqq̄q+ mq sin

!
✓̄ +

a

f a

"
q̄i�5q, (24)

which is equivalent to the form in Eq. (21). The form of Eq. (24) makes manifest the

couplings of the axion to the SM quark. In general the axion can acquire a non-zero vacuum

expectation value (vev) so that

a(x) = "a#+ a(x), (25)

where a(x) denotes the axion field corresponding to excitations above the vev "a#. After the
axion acquires a non-zero expectation value, the new induced ✓̄ parameter (✓

ind.

) is given by

✓
ind.

= ✓̄ +
"a#
f a

, (26)

so that the axion Lagrangian in Eq. (24) can be brought into the form

L a = ! cos
!
✓
ind.

+
a
f a

"
mq q̄q+ mq sin

!
✓
ind.

+
a
f a

"
q̄i�5q. (27)

An axion potential is generated through non-perturbative QCD e! ects which generate a

non-zero vev for the quark bilinear so that

V
!
✓
ind.

+
a
f a

"
= mq "q̄q#cos

!
✓
ind.

+
a
f a

"
. (28)

Similar, results can be derived when there is more than one quark flavor. Generally, the

ground state axion potential, when expanded around its minimum, has the form

V (✓
ind.

) $
1

2
�(0) ✓2

ind.

, (29)

where �(0) is the topological susceptibility and is given by �(0) = ! mq"q̄q# for one quark

flavor and by

�(0) = !
mumd

mu + md
"ūu + d̄d#, (30)

for two quark flavors. Since the minimization of the ground state axion potential requires

✓
ind.

= 0, there is no flavor-diagonal CP violation and a correspondingly vanishing contri-

bution to the EDM. In this way, dynamical relaxation in the ground state axion potential

solves the strong CP problem and eliminates flavor-diagonal CP-violation.

The presence of additional higher-dimensional CP-odd operators can generate terms that

are linear in ✓
ind.

in the axion potential. This can occur via mixed correlators of the form

[41]

�
CP

(0) = ! i limk! 0

#
d4x eik áx "0|T(GG̃(x), O

CP

(0))|0#. (31)
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which will reproduce the analog of the term in Eq. (13), when expanded to leading power
in ø! and generalized to three quark ßavors [45]. As before, the axion interactions in the
e! ective theory can now be obtained by implementing the replacement in Eq. (20) to get

L a = ! cos
!

ø! +
a
f a

"
mqøqq+ mq sin

!
ø! +

a
f a

"
øqi" 5q, (24)

which is equivalent to the form in Eq. (21). The form of Eq. (24) makes manifest the
couplings of the axion to the SM quark. In general the axion can acquire a non-zero vacuum
expectation value (vev) so that

a(x) = "a#+ a(x), (25)

wherea(x) denotes the axion Þeld corresponding to excitations above the vev"a#. After the
axion acquires a non-zero expectation value, the newinduced ø! parameter (! ind. ) is given by

! ind. = ø! +
"a#
f a

, (26)

so that the axion Lagrangian in Eq. (24) can be brought into the form

L a = ! cos
!

! ind. +
a
f a

"
mq øqq+ mq sin

!
! ind. +

a
f a

"
øqi" 5q. (27)

An axion potential is generated through non-perturbative QCD e! ects which generate a
non-zero vev for the quark bilinear so that

V
!

! ind. +
a
f a

"
= mq "øqq#cos

!
! ind. +

a
f a

"
. (28)

Similar, results can be derived when there is more than one quark ßavor. Generally, the
ground state axion potential, when expanded around its minimum, has the form

V(! ind. ) $
1
2

#(0) ! 2
ind. , (29)

where #(0) is the topological susceptibilityand is given by#(0) = ! mq"øqq# for one quark
ßavor and by

#(0) = !
mumd

mu + md
"øuu + ødd#, (30)

for two quark ßavors. Since the minimization of the ground state axion potential requires
! ind. = 0, there is no ßavor-diagonal CP violation and a correspondingly vanishing contri-
bution to the EDM. In this way, dynamical relaxation in the ground state axion potential
solves the strong CP problem and eliminates ßavor-diagonal CP-violation.

The presence of additional higher-dimensional CP-odd operators can generate terms that
are linear in ! ind. in the axion potential. This can occur via mixed correlators of the form
[41]

#CP(0) = ! i limk!0

#
d4x eik áx "0|T(G ÷G(x), OCP(0))|0#. (31)
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which will reproduce the analog of the term in Eq. (13), when expanded to leading power
in ø! and generalized to three quark ßavors [45]. As before, the axion interactions in the
e! ective theory can now be obtained by implementing the replacement in Eq. (20) to get

L a = ! cos
!

ø! +
a
f a

"
mqøqq+ mq sin

!
ø! +

a
f a

"
øqi" 5q, (24)

which is equivalent to the form in Eq. (21). The form of Eq. (24) makes manifest the
couplings of the axion to the SM quark. In general the axion can acquire a non-zero vacuum
expectation value (vev) so that

a(x) = "a#+ a(x), (25)

wherea(x) denotes the axion Þeld corresponding to excitations above the vev"a#. After the
axion acquires a non-zero expectation value, the newinduced ø! parameter (! ind. ) is given by

! ind. = ø! +
"a#
f a

, (26)

so that the axion Lagrangian in Eq. (24) can be brought into the form

L a = ! cos
!

! ind. +
a
f a

"
mq øqq+ mq sin

!
! ind. +

a
f a

"
øqi" 5q. (27)

An axion potential is generated through non-perturbative QCD e! ects which generate a
non-zero vev for the quark bilinear so that

V
!

! ind. +
a
f a

"
= mq "øqq#cos

!
! ind. +

a
f a

"
. (28)

Similar, results can be derived when there is more than one quark ßavor. Generally, the
ground state axion potential, when expanded around its minimum, has the form

V(! ind. ) $
1
2

#(0) ! 2
ind. , (29)

where #(0) is the topological susceptibilityand is given by#(0) = ! mq"øqq# for one quark
ßavor and by

#(0) = !
mumd

mu + md
"øuu + ødd#, (30)

for two quark ßavors. Since the minimization of the ground state axion potential requires
! ind. = 0, there is no ßavor-diagonal CP violation and a correspondingly vanishing contri-
bution to the EDM. In this way, dynamical relaxation in the ground state axion potential
solves the strong CP problem and eliminates ßavor-diagonal CP-violation.

The presence of additional higher-dimensional CP-odd operators can generate terms that
are linear in ! ind. in the axion potential. This can occur via mixed correlators of the form
[41]

#CP(0) = ! i limk! 0

#
d4x eik áx "0|T(G ÷G(x), OCP(0))|0#. (31)

9

which will reproduce the analog of the term in Eq. (13), when expanded to leading power
in ø! and generalized to three quark ßavors [45]. As before, the axion interactions in the
e! ective theory can now be obtained by implementing the replacement in Eq. (20) to get

L a = ! cos
!

ø! +
a
f a

"
mqøqq+ mq sin

!
ø! +

a
f a

"
øqi" 5q, (24)

which is equivalent to the form in Eq. (21). The form of Eq. (24) makes manifest the
couplings of the axion to the SM quark. In general the axion can acquire a non-zero vacuum
expectation value (vev) so that

a(x) = "a#+ a(x), (25)

wherea(x) denotes the axion Þeld corresponding to excitations above the vev"a#. After the
axion acquires a non-zero expectation value, the newinduced ø! parameter (! ind. ) is given by

! ind. = ø! +
"a#
f a

, (26)

so that the axion Lagrangian in Eq. (24) can be brought into the form

L a = ! cos
!

! ind. +
a
f a

"
mq øqq+ mq sin

!
! ind. +

a
f a

"
øqi" 5q. (27)

An axion potential is generated through non-perturbative QCD e! ects which generate a
non-zero vev for the quark bilinear so that

V
!

! ind. +
a
f a

"
= mq "øqq#cos

!
! ind. +

a
f a

"
. (28)

Similar, results can be derived when there is more than one quark ßavor. Generally, the
ground state axion potential, when expanded around its minimum, has the form

V(! ind. ) $
1
2

#(0) ! 2
ind. , (29)

where #(0) is the topological susceptibilityand is given by#(0) = ! mq"øqq# for one quark
ßavor and by

#(0) = !
mumd

mu + md
"øuu + ødd#, (30)

for two quark ßavors. Since the minimization of the ground state axion potential requires
! ind. = 0, there is no ßavor-diagonal CP violation and a correspondingly vanishing contri-
bution to the EDM. In this way, dynamical relaxation in the ground state axion potential
solves the strong CP problem and eliminates ßavor-diagonal CP-violation.

The presence of additional higher-dimensional CP-odd operators can generate terms that
are linear in ! ind. in the axion potential. This can occur via mixed correlators of the form
[41]

#CP(0) = ! i limk! 0

#
d4x eik áx "0|T(G ÷G(x), OCP(0))|0#. (31)

Axion Potential 

¥ Axion potential is generated via the quark condensate

¥ The ground state potential can be expanded as

¥ Minimum of the potential at:

 Dynamical relaxation of ground state Axion 
 potential solves the strong CP problem
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which will reproduce the analog of the term in Eq. (13), when expanded to leading power
in ø! and generalized to three quark ßavors [45]. As before, the axion interactions in the
e! ective theory can now be obtained by implementing the replacement in Eq. (20) to get

L a = ! cos
!

ø! +
a
f a

"
mqøqq+ mq sin

!
ø! +

a
f a

"
øqi" 5q, (24)

which is equivalent to the form in Eq. (21). The form of Eq. (24) makes manifest the
couplings of the axion to the SM quark. In general the axion can acquire a non-zero vacuum
expectation value (vev) so that

a(x) = "a#+ a(x), (25)

wherea(x) denotes the axion Þeld corresponding to excitations above the vev"a#. After the
axion acquires a non-zero expectation value, the newinduced ø! parameter (! ind. ) is given by

! ind. = ø! +
"a#
f a

, (26)

so that the axion Lagrangian in Eq. (24) can be brought into the form

L a = ! cos
!

! ind. +
a
f a

"
mq øqq+ mq sin

!
! ind. +

a
f a

"
øqi" 5q. (27)

An axion potential is generated through non-perturbative QCD e! ects which generate a
non-zero vev for the quark bilinear so that

V
!

! ind. +
a
f a

"
= mq "øqq#cos

!
! ind. +

a
f a

"
. (28)

Similar, results can be derived when there is more than one quark ßavor. Generally, the
ground state axion potential, when expanded around its minimum, has the form

V(! ind. ) $
1
2

#(0) ! 2
ind. , (29)

where #(0) is the topological susceptibilityand is given by#(0) = ! mq"øqq# for one quark
ßavor and by

#(0) = !
mumd

mu + md
"øuu + ødd#, (30)

for two quark ßavors. Since the minimization of the ground state axion potential requires
! ind. = 0, there is no ßavor-diagonal CP violation and a correspondingly vanishing contri-
bution to the EDM. In this way, dynamical relaxation in the ground state axion potential
solves the strong CP problem and eliminates ßavor-diagonal CP-violation.

The presence of additional higher-dimensional CP-odd operators can generate terms that
are linear in ! ind. in the axion potential. This can occur via mixed correlators of the form
[41]

#CP(0) = ! i limk! 0

#
d4x eik áx "0|T(G ÷G(x), OCP(0))|0#. (31)
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An example of such a CP-odd operator is the quark chromoelectric dipole momentOCP =
÷dqøqGµ! ! µ! " 5q. Such mixed correlators can give rise to an axion potential of the form

V(#ind. ) ! $CP(0) #ind. +
$(0)

2
#2

ind. . (32)

In this case, the potential is minimized at non-zero value of#ind. given by

#ind. = "
$CP(0)
$(0)

, (33)

resulting in a non-vanishing contribution to EDMs.
Expanding the Lagrangian in Eq. (27) in#ind. and a(x), gives the result

L a =
! #ind.

f a
a " 1

"
mq øqq+

!
#ind. +

a
f a

"
mqøqi" 5q+

mq

2f 2
a

a2 øqq+ á á á. (34)

This form of the Lagrangian makes explicit the scalar (gq
a,s) and pseudoscalar (gq

a,p) couplings
and the induced massma of the axion

gq
a,s =

#ind. mq

f a
, gq

a,p =
mq

f a
, ma !

1
f a

|$(0)|1/ 2. (35)

Note that since f a # mq, the axion is very light and can mediate a macroscopic SD force.
Based on the axion couplings to the quark, the product of couplings in the corresponding po-
tential in Eq. (1) is expected to be proportional to the product of the scalar and pseudosclar
axion couplings to the quark
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with the constant of proportionality being a! ected by nuclear physics e! ects that determine
the axion cowpling to macroscopic objects. Note that the size of the SD Þfth-force induced
by the axion is heavily suppressed by the factor ofm2
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The dominant contribution of the axion to EDMs will come from a matrix element in-
volving the CP-odd quark mass termmq#ind. øqi" 5q in Eq. (34). Note that in this case, the
suppression factorm2
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a , present in the macroscopic SD Þfth-force, is absent. As a re-
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several orders of magnitude.
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Higher dimension CP odd operators
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¥ The coefficient of the linear term is given by the correlator of 
the CP-odd higher dimension operator

10

An example of such a CP-odd operator is the quark chromoelectric dipole momentOCP =
÷dqøqGµ! ! µ! " 5q. Such mixed correlators can give rise to an axion potential of the form

V(#ind. ) ! $CP(0) #ind. +
$(0)

2
#2

ind. . (32)

In this case, the potential is minimized at non-zero value of#ind. given by

#ind. = "
$CP(0)
$(0)

, (33)
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¥ Product of couplings proportional to theta parameter:



Fig. 25. Limits from searches for new macroscopic forces. The horizontal axis is the range of the new force (the horizontal
range of the" gure corresponds to the allowed axion window). The vertical axis is the product of coupling constants. The
diagonal lines are the expected couplings should the residual strong CP-violation parameter!Mbe 10!" (conservatively
allowed by experiments) or 10!#$ (suggested should weak CP-violation arise from the Kobayashi-Maskawa model). The
upper limits to the couplings shown are those of Refs. [68,69].

Recall that null searches for a neutron edm conservatively imply!M( 10!" , and the axion resulted
from a scheme to drive!Mto zero. However, in the Standard Model plus axions,!Mdoes not
identically vanish. There remains a small contribution from known sources of weak-interaction
CP violation, at the level of perhaps!MK 10!#$ [67], should weak-interaction CP violation
arise from the Kobayashi} Maskawa model. Axions would be signaled by a weak Yukawa-type
gravitational force at short but macroscopic distances, with strength proportional to the CP-
violating parameter !M.

Two such recent null experiments placed upper limits on the product couplingg!g" in a system of
magnetized media and test masses. One experiment [68] had peak sensitivity, relative to!M" xed,
near 10 mm (20! eV axions), the other [69] had peak sensitivity near 100 mm (2! eV axions). Both
experiments lacked by 10 orders of magnitude or so the required sensitivity ing!g" to detect axions
at the !Mallowed by the neutron edm search experiments (see Fig. 25). Two recent proposals aim to
improve the overall sensitivity by several orders of magnitude [70] and improve the sensitivity at
short distances, down to perhaps 1 mm (200! eV axions). However, these new experiments will
likely lack the sensitivity to g!g" required by the small!Mimplied by neutron edm limits by at least
several orders of magnitude.

4. Summary and outlook

While much has happened both in particle physics and cosmology over the past two decades,
the motivation for the axion remains strong. It is still the most compelling mechanism to enforce
Strong-CP conservation, and the sum total of all cosmological observables still point to a large
CDM component in the Universe. Serious e! orts to discover the axion should therefore

L.J Rosenberg, K.A.van Bibber/ Physics Reports 325 (2000) 1} 39 35

Fig. 24. Exclusion region (99.7% c.l.) from the solar axion search of Ref. [64]. The curves represent operation at di! erent
gas pressures: (a) 0 Torr, (b) 55 Torr, (c) 100 Torr.

0.03 eV( m! ( 0.11 eV (99.7% c.l.), see Fig. 24. A more ambitious experiment, using a supercon-
ducting magnet on a telescope mount to track the Sun continuously has reported a preliminary
exclusion limit of g! !! ( 6" 10!"# GeV!" (95% c.l.) form! ( 0.03 eV [65].

Another search for solar axions is underway (SOLAX), using a single-crystal germanium
detector. It exploits the coherent conversion of axions into photons when their angle of incidence
satis" es a Bragg condition with a crystalline plane. Analysis of 1.94 kg yr of data from a 1 kg
germanium detector yields a bound ofg! !! ( 2.7" 10!$ GeV!" (95% c.l.), independent of mass up
to m! & 1 keV [66].

3.4. New macroscopic forces

Axions mediate a monopole-dipole interaction potential between spin and matter [67] given by

< J g!g"
!( )r(
m" !

1
" r

#
1
r%"e! "&# (18)

whereg! and g" are coupling constants at the scalar (s) and polarized (p) vertices,! and r the spin
and separation vectors,m" the mass at the polarized vertex, and" the range of the force (J 1/m! ).
For axions with mass within the window 1} 1000! eV, the corresponding" is 0.2} 200 mm. The
scalar coupling g! is proportional to the strong interaction CP-violating parameter #M, and the
product of couplings is

g!g"K
#M

" (mm)%
6" 10!%' . (19)
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associated with theU(1)A transformation, is given by

! µ j 5
µ = 2 im q

ø"# 5" +
$s

8%
Ga

µ⌫
÷Gaµ⌫ . (10)

We see that the quark masses explicitly break theU(1)A symmetry of the Lagrangian even
at the classical level. The second term in Eq. (10), with the same structure as the QCD
CP violating term in Eq. (5), is the result of the anomaly and arises from the non-trivial
Jacobian in the QCD path-integral [36Ð39] that arises from the transformation in Eq. (8)

D" D ø" ! D" D ø" Exp
!
2i$

"
d4x

$s

16%
Ga

µ⌫
÷Gaµ⌫

#
. (11)

Thus, for aU(1)A transformation of a massless quark, so that the mass term (mq) in Eq. (10)
vanishes, theonly e! ect of the axialU(1)A transformation in Eq. (8) is to shift the value of
the &-parameter

&! &+ 2$. (12)

Since theU(1)A transformation just amounts to a change of variables in the QCD path
integral, the shift in Eq. (12) implies that the path integral cannot depend&, rendering it an
unphysical parameter. Thus, if there is at least one massless quark, the QCD CP violating
term can be completely removed by an appropriateU(1)A phase rotation.

However, it is now established that there are no massless quarks in the SM [40]. In this
case, in addition to the shift in the&-parameter, theU(1)A transformation also changes the
phase of the quark mass. In this case, theU(1)A transformation cannot be used to eliminate
the CP violating e! ect in QCD. Instead, it can only move the e! ect between the&-parameter
and the quark mass.

In fact, a ßavor-diagonalU(1)A transformation can be used to remove the overall phase
in the quark mass matrix so that all of the ßavor-diagonal CP violation is contained in the
ø&-term in Eq. (5), whereø&is given by Eq. (6). Alternatively, one can perform an axialU(1)A

rotation to eliminate the ø&-term so that the ßavor-diagonal CP violation e! ect is contained
entirely in CP violating quark mass terms

L CP V = i ø&
mumdms

mumd + mums + mdms

$
øu#5u + ød#5d + øs#5s

%
, (13)

where the heavy quarksc, b and t have been integrated out. Note that this term is propor-
tional to the product of quark masses so that in the presence of a massless quark, there is
no ßavor-diagonal CP violation as expected.

Given that the contribution of the CKM phase to EDMs in the SM are negligibly small,
the observation of a non-zero EDM can be interpreted as arising from CP-violating mass
term in Eq. (13) or equivalently from theø&-term in Eq. (5). The current limit on the neutron
EDM of |dn| < 2.9 " 10! 13 e fm, translates into the bound

| ø&| <# 10! 10. (14)

The SM provides no explanation for such a small value ofø& and corresponds to the well-
known Strong CP problem.

EDM limit

EDM Limits Dominate over Fifth Force Bounds

Fifth-force
limits

EDM limits

(Rosenberg, Bibber)



Generic Scalars



11

V. SPIN-DEPENDENT FORCES FROM A GENERIC LIGHT SCALAR

We saw in the last section that the axion, introduced to solve the Strong CP problem
gives rise to a macroscopic SD force. However, in this case the EDM limits dominate over
the Þfth-force limits by several orders of magnitude. This is a result of the precise relation
between the strong CP parameter! ind. (see Eqs.(35) and (36)) and its couplings to the
quarks.

However, for more generic light scalars, unrelated to the strong CP problem, the potential
of the SD force is independent of! ind . As a result the EDM constraints on! ind have no impact
on the size of the macroscopic SD force mediated by the light scalar. In this case, Þfth-force
experiments can provide useful bounds on macroscopic SD forces. The presence of such new
macroscopic SD forces can still be bounded from EDM constraints, but the nature of these
constraints will be quite di! erent compared to the axion scenario; in particular, they will
be unrelated to ! ind . In this paper, we explore the possibility of such new SD forces and
derive the resulting constraints from EDM and Þfth-force experiments. Depending on the
region of parameter space, the EDM and Þfth force constraints will be competitive or one
will dominate over the other.

The possibility of new SD forces can be realized in a microscopic theory via the quark-level
Lagrangian

L ! qq = gq
s " øqq+ gq

p " øqi#5q, (37)

where the light scalar mediator is denoted by" and gq
s and gq

p denote the scalar and pseu-
doscalar couplings to a quark of ßavorq. These quark-level couplings, in turn induce the
e! ective scalar and pseudoscalar couplings to the nucleons (N ) denoted bygs and gp respec-
tively

L ! NN = gs " øNN + gp " øNi #5N. (38)

In principle, the nucleon couplings can take on di! erent values for the neutron and proton.
For simplicity, we neglect this possibility and assume isospin symmetric couplings to the
nucleon isospin doubletN . These e! ective couplings of" to nucleons, in turn generate ef-
fective couplings to nuclei whose charges add up to give rise to a coupling to macroscopic test
objects. In particular, the product of couplingsg1

sg2
p in the potential between macroscopic

test objects in Eq. (1) can be obtained in this manner.
In general, one can also consider couplings of" to leptons which will contribute to

the e! ective coupling to an atom. Once again, for the sake of simplicity, we neglect this
possibility. We note that these simplifying assumptions do not a! ect main conclusions about
using EDM and Þfth-force experiments to constrain SD forces in a complementary manner.

¥ EDMs induced by dynamical exchanges of light scalar

¥ Full EDM calculation must incorporate this propagating 
  light scalar.  Effective operator approach no longer applicable.

Arbitrary Couplings

¥ Nucleon level couplings:
Introduction Experiments Axions Scalar w/o PQ Symmetry Conclusions Outlook Collaboration
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FIG. 1: Representative diagrams of the contribution to nuclear EDMs arising from exchanges of
the light scalar ! that mediates the macroscopic SD force. The Þrst diagram corresponds to!
exchanges between nucleons in the nucleus. The second and third diagrams can be interpreted as an
induced proton EDM and CP-odd pion-nucleon coupling due to! -exchange. Sincem! ! ! QCD ,
the light scalar ! cannot be integrated out and must be included as a propagating degree of freedom
in nuclear calculations. As a result, all the diagrams are implicitly understood to be dressed with
nuclear e" ects.

From the nucleon couplings to the light scalar! given in Eq. (38), the dominant CP-odd
mechanisms that contribute todHg can arise from the diagrams shown in Fig. 1. The Þrst
contribution arises from the CP-violating direct exchange of the light scalar! between two
nucleons. The second contribution arises from a virtual! -loop on a proton line with a photon
insertion. This contribution can be thought of as generating a proton EDM, except that the
virtual ! -loop cannot be integrated out into an e! ective EDM vertex due to its light mass.
The Þnal contribution arises from a virtual! -loop that connects nucleons and pions. This
last contribution can be thought of as a contribution to the e! ective pion-nucleon coupling,
except once again,! cannot be integrated out into an e! ective vertex.

The important point here is to note that all of these diagrams are proportional to the
product of the nucleon level couplingsgsgp, deÞned in Eq. (38). Note that in the third
diagram, the coupling of! to the pion is related to gs, as shown in appendix C. Thus,
current EDM limits can be translated into bounds ongsgp. The product of the macroscopic
couplingsg1

sg2
p that appear in the SD Þfth-force potential in Eq. (1), are also proportional

to the same productgsgp. Thus, Þfth-force limits also translate into bounds on the product
gsgp. As a result, EDM and Þfth-force limits can be used as complementary probes of SD
macroscopic forces and the corresponding CP-violating e! ects.

All of the diagrams in Fig. 1 occur inside the nuclear environment of the Hg nucleus and
will be dressed by nuclear e! ects. For example, there can be an arbitrary number of pion
exchanges that dress the diagrams in Fig. 1. Such nuclear e! ects (see Ref. [47] for a review)
cannot be computed in perturbation theory and a rigorous treatment is beyond the scope
of this work. Instead we provide a rough estimate based perturbative calculations in the
light scalar couplingsgs and gp, as in Fig. 1, being incorporated into existing calculations
that take nuclear e! ects into account. In particular, we focus on the contribution of the last
diagram in Fig. 1. We compute this diagram and interpret the result as a correction to the
e! ective CP-odd pion-nucleon coupling øg" NN . This interpretation will miss those nuclear

¥ Some example nucleon level diagrams that can contribute 
  to the EDM:

¥ A full EDM calculation with a new light scalar is beyond the 
scope of this work. 

Direct 
exchange
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Correction
to pion nucleon 

coupling
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FIG. 1: Representative diagrams of the contribution to nuclear EDMs arising from exchanges of
the light scalar ! that mediates the macroscopic SD force. The first diagram corresponds to !
exchanges between nucleons in the nucleus. The second and third diagrams can be interpreted as an
induced proton EDM and CP-odd pion-nucleon coupling due to ! -exchange. Since m! ! ! QCD ,
the light scalar ! cannot be integrated out and must be included as a propagating degree of freedom
in nuclear calculations. As a result, all the diagrams are implicitly understood to be dressed with
nuclear e" ects.

From the nucleon couplings to the light scalar! given in Eq. (38), the dominant CP-odd
mechanisms that contribute todHg can arise from the diagrams shown in Fig. 1. The Þrst
contribution arises from the CP-violating direct exchange of the light scalar! between two
nucleons. The second contribution arises from a virtual! -loop on a proton line with a photon
insertion. This contribution can be thought of as generating a proton EDM, except that the
virtual ! -loop cannot be integrated out into an e! ective EDM vertex due to its light mass.
The Þnal contribution arises from a virtual! -loop that connects nucleons and pions. This
last contribution can be thought of as a contribution to the e! ective pion-nucleon coupling,
except once again,! cannot be integrated out into an e! ective vertex.

The important point here is to note that all of these diagrams are proportional to the
product of the nucleon level couplingsgsgp, deÞned in Eq. (38). Note that in the third
diagram, the coupling of! to the pion is related to gs, as shown in appendix C. Thus,
current EDM limits can be translated into bounds ongsgp. The product of the macroscopic
couplingsg1

sg2
p that appear in the SD Þfth-force potential in Eq. (1), are also proportional

to the same productgsgp. Thus, Þfth-force limits also translate into bounds on the product
gsgp. As a result, EDM and Þfth-force limits can be used as complementary probes of SD
macroscopic forces and the corresponding CP-violating e! ects.

All of the diagrams in Fig. 1 occur inside the nuclear environment of the Hg nucleus and
will be dressed by nuclear e! ects. For example, there can be an arbitrary number of pion
exchanges that dress the diagrams in Fig. 1. Such nuclear e! ects (see Ref. [47] for a review)
cannot be computed in perturbation theory and a rigorous treatment is beyond the scope
of this work. Instead we provide a rough estimate based perturbative calculations in the
light scalar couplingsgs and gp, as in Fig. 1, being incorporated into existing calculations
that take nuclear e! ects into account. In particular, we focus on the contribution of the last
diagram in Fig. 1. We compute this diagram and interpret the result as a correction to the
e! ective CP-odd pion-nucleon coupling øg" NN . This interpretation will miss those nuclear
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1. Leading contributions

The shift in the pion-nucleon coupling in Eq. (46) arises from the calculation of the two
diagrams in Fig. 2 and correspond to the leading contributions. The di! erent vertices in the
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p!p

"
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N N !

!

p!p

"

#

FIG. 2: Leading contributions from a virtual ! loop that give rise to the shift in the CP-odd
pion-nucleon coupling in Eq. (46).

diagrams are described by the e! ective interactions in HB! PT

L ! øNN =
2gA

f !
" µ#a øNv

$a

2
SµNv, (A1)

L "!! = g!
s % #a#a, (A2)

L " øNN = !
gp

mN

øNv (Sµ" µ%) Nv, (A3)

wheregA " 1.27, mN " 940 MeV denotes the nucleon mass, andf ! " 92.4 MeV is the pion
decay constant. The heavy baryon nucleon ÞeldsNv are deÞned in terms of the full theory
nucleon ÞeldsN as

Nv(x) = exp( im N v áx)
1 + /v

2
N (x), (A4)

wherevµ denotes the four-velocity which satisÞesv2 = 1. The spin operator Sµ appearing
in Eq. (A3) is given by

Sµ =
i
2

&5$µ#v#. (A5)

In appendix C, it is shown that the couplingg!
s , appearing in L "!! in Eq. (A3), can be

written as g!
s " m2

!
90 MeV gs, so that both diagrams are proportional togsgp.

The amplitude of the Þrst diagram in Fig. (2) is given by

M a
1 "

g!
s gpgA

mN f !

!
dd'

(2#)d
øNv(p!)$a (S áøq) (S á' ) Nv(p)

1
v áøp + i (

1
' 2 ! m2

" + i (
1

øq2 ! m2
! + i (

,

(A6)

with q = p! ! p, øp = p ! ' , øp! = p! + ' and øq = q + ' and øNv(p) denotes the nucleonSU(2)
isospinor in momentum space. The superscripta on the amplitude denotes the pion isospin
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Appendix C: Scalar coupling to the pion

In this section we show that the couplingg!
s , appearing in Eq. (A3), is proportional to

the scalar nucleon couplinggs. We start with the quark level couplinggq
s, assuming ßavor

universality for simplicity, so that

L q
" = gq

s ! [ øuu + ødd ], (C1)

which induces a couplingg!
s to pions

L !
" = g!

s ! " a" a, (C2)

and the couplinggs to nucleons

L = gs ! øNN. (C3)

By taking pion and nucleon matrix elements of the operatorL q
" in Eq. (C1), the quark level

coupling gq
s is related to the pion (g!

s ) and nucleon (gs) level couplings as

g!
s = gq

s ! " |øuu + ødd|" ",

gs = gq
s !N |øuu + ødd|N ", (C4)

so that gs and g!
s are related as

g!
s =

! " |øuu + ødd|" "
!N |øuu + ødd|N "

gs. (C5)

We use the relations [56, 57]

!N |øuu + ødd|N " =
90 MeV
mu + md

,

! " |øuu + ødd|" " =
m2

!

mu + md
, (C6)

to write

g!
s

gs
#

m2
!

90 MeV
# 218 MeV. (C7)
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Vertices in HBChPT Coupling to Pion

¥ Compute one loop diagrams using Heavy Baryon Chiral 
Perturbation theory (HBChPT)
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1. Leading contributions

The shift in the pion-nucleon coupling in Eq. (46) arises from the calculation of the two
diagrams in Fig. 2 and correspond to the leading contributions. The di! erent vertices in the
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FIG. 2: Leading contributions from a virtual ! loop that give rise to the shift in the CP-odd
pion-nucleon coupling in Eq. (46).

diagrams are described by the e! ective interactions in HB! PT
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nucleon ÞeldsN as
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In appendix C, it is shown that the couplingg!
s , appearing in L "!! in Eq. (A3), can be

written as g!
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90 MeV gs, so that both diagrams are proportional togsgp.

The amplitude of the Þrst diagram in Fig. (2) is given by
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with q = p! ! p, øp = p ! ' , øp! = p! + ' and øq = q + ' and øNv(p) denotes the nucleonSU(2)
isospinor in momentum space. The superscripta on the amplitude denotes the pion isospin
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Vertices in HBChPT Coupling to Pion

¥ Coupling to pion is related to scalar nucleon coupling:
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index. The amplitude for the second diagram is given by

M a
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øq2 " m2
! + i$
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(A7)

Both integrals can be solved exactly leading to very long and cumbersome expressions.
Since the long-range limitqµ # 0 of the integral provides a good approximation we solve
the integrals in this limit. Details of the calculation can be found in appendix B. The result
of computing the sum of these two diagrams is

M a =
i

16"

m2
! + m! m" + m2

"

m! + m"

g!
s gpgA

mN f !

øNv(p!)#aNv(p), (A8)

which we recast as the e! ective interaction

L CP V
! øNN =

1
16"

m2
! + m! m" + m2

"

m! + m"

g!
s gpgA

mN f !
" a øN #aN, (A9)

to be interpreted as a correction to the CP-odd pion-nucleon coupling as in Eq. (46), after
using Eq. (C7).

2. Sub-leading contributions

a. The Òfermion-fermion couplingÓ

Here, we consider the scalar having both couplings with the nucleons as depicted in Fig. 3.
To leading order in 1/m N expansion the loop integral Fig. 3 left reads
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FIG. 3: The diagrams with the scalar coupling to nucleons. Each blob depicts the pseudo-scalar
coupling.
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¥ Result of computation

¥ Write as new contribution to CP-odd pion-nucleon coupling
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e! ects associated with all pion insertions to the virtual! loop diagram, which are not taken
into account as renormalization of propagators and vertices, i.e. the scalar! is a light
propagating and dynamical degree of freedom and cannot be integrated out into an e! ective
pion-nucleon coupling. However, for the purpose of obtaining a rough order of magnitude
estimate, we expect it is su" cient to treat this e! ect as a correction to the CP-odd pion-
nucleon coupling which is used as an input parameter in the full nuclear EDM calculation.
The general form of the CP-odd pion-nucleon interactions is given by [41, 46, 48, 49]

L ! NN = øg(0)
! NN

øN " aN #a + øg(1)
! NN

øNN #0 + øg(2)
! NN ( øN " aN #a ! 3 øN " 3N #0), (40)

where øg(0)
! NN , øg(1)

! NN , and øg(2)
! NN denote the induced isoscalar, isovector, and isotensor com-

ponents of the CP-odd pion-nucleon coupling øg! NN . This result is arrived at using the
techniques of heavy baryon chiral perturbation theory (HB$PT) [50]. The third diagram in
Fig. 1, will generate a shift%øg(i )

! NN for each øg(i )
! NN coupling. The EDM dHg depends via the

Schi! moment on øg(i )
! NN

dHg = dHg (SHg [øg(i )
! NN ]), (41)

taking nuclear e! ects into account. In particular, the contribution to dHg from the Schi!
moment is given by [20, 51]

dHg = ! 2.8 " 10! 4 SHg

fm2 , (42)

where the Schi! moment SHg is given in terms of the CP-odd pion nucleon couplings as

SHg = g! NN [ 0.01 øg(0)
! NN + 0.07 øg(1)

! NN + 0.02 øg(2)
! NN ] e fm3, (43)

whereg! NN # 13.5 is the strong pion-nucleon coupling. Thus, the shift in the pion-nucleon
couplings øg(i )

! NN due to the virtual ! loop results in a correction to the Schi! moment given
by

%SHg = g! NN [ 0.01%øg(0)
! NN + 0.07%øg(1)

! NN + 0.02%øg(2)
! NN ] e fm3. (44)

This correction to the Schi! moment causes a shift indHg given by

%dHg = ! 2.8 " 10! 4 %SHg

fm2 . (45)

Details of the computation of the the virtual ! -loop in the third diagram of Fig. 1 and
the resulting correction to pion-nucleon CP-odd couplings øg(0)

! NN are given in appendix A.
The result expressed in terms ofgsgp is given by

%øg(0)
! NN #

1
16#

m2
! + m! m" + m2

"

m! + m"

gA m2
!

90 MeVmN f !
gsgp, %øg(1)

! NN = 0, %øg(2)
! NN = 0. (46)
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e! ects associated with all pion insertions to the virtual! loop diagram, which are not taken
into account as renormalization of propagators and vertices, i.e. the scalar! is a light
propagating and dynamical degree of freedom and cannot be integrated out into an e! ective
pion-nucleon coupling. However, for the purpose of obtaining a rough order of magnitude
estimate, we expect it is su" cient to treat this e! ect as a correction to the CP-odd pion-
nucleon coupling which is used as an input parameter in the full nuclear EDM calculation.
The general form of the CP-odd pion-nucleon interactions is given by [41, 46, 48, 49]

L ! NN = øg(0)
! NN

øN " aN #a + øg(1)
! NN

øNN #0 + øg(2)
! NN ( øN " aN #a ! 3 øN " 3N #0), (40)

where øg(0)
! NN , øg(1)

! NN , and øg(2)
! NN denote the induced isoscalar, isovector, and isotensor com-

ponents of the CP-odd pion-nucleon coupling øg! NN . This result is arrived at using the
techniques of heavy baryon chiral perturbation theory (HB$PT) [50]. The third diagram in
Fig. 1, will generate a shift%øg(i )

! NN for each øg(i )
! NN coupling. The EDM dHg depends via the

Schi! moment on øg(i )
! NN

dHg = dHg (SHg [øg(i )
! NN ]), (41)

taking nuclear e! ects into account. In particular, the contribution to dHg from the Schi!
moment is given by [20, 51]

dHg = ! 2.8 " 10! 4 SHg

fm2 , (42)

where the Schi! moment SHg is given in terms of the CP-odd pion nucleon couplings as

SHg = g! NN [ 0.01 øg(0)
! NN + 0.07 øg(1)

! NN + 0.02 øg(2)
! NN ] e fm3, (43)

whereg! NN # 13.5 is the strong pion-nucleon coupling. Thus, the shift in the pion-nucleon
couplings øg(i )

! NN due to the virtual ! loop results in a correction to the Schi! moment given
by

%SHg = g! NN [ 0.01%øg(0)
! NN + 0.07%øg(1)

! NN + 0.02%øg(2)
! NN ] e fm3. (44)

This correction to the Schi! moment causes a shift indHg given by

%dHg = ! 2.8 " 10! 4 %SHg

fm2 . (45)

Details of the computation of the the virtual ! -loop in the third diagram of Fig. 1 and
the resulting correction to pion-nucleon CP-odd couplings øg(0)

! NN are given in appendix A.
The result expressed in terms ofgsgp is given by

%øg(0)
! NN #

1
16#

m2
! + m! m" + m2

"

m! + m"

gA m2
!

90 MeVmN f !
gsgp, %øg(1)

! NN = 0, %øg(2)
! NN = 0. (46)
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e! ects associated with all pion insertions to the virtual! loop diagram, which are not taken
into account as renormalization of propagators and vertices, i.e. the scalar! is a light
propagating and dynamical degree of freedom and cannot be integrated out into an e! ective
pion-nucleon coupling. However, for the purpose of obtaining a rough order of magnitude
estimate, we expect it is su" cient to treat this e! ect as a correction to the CP-odd pion-
nucleon coupling which is used as an input parameter in the full nuclear EDM calculation.
The general form of the CP-odd pion-nucleon interactions is given by [41, 46, 48, 49]

L ! NN = øg(0)
! NN

øN " aN #a + øg(1)
! NN

øNN #0 + øg(2)
! NN ( øN " aN #a ! 3 øN " 3N #0), (40)

where øg(0)
! NN , øg(1)

! NN , and øg(2)
! NN denote the induced isoscalar, isovector, and isotensor com-

ponents of the CP-odd pion-nucleon coupling øg! NN . This result is arrived at using the
techniques of heavy baryon chiral perturbation theory (HB$PT) [50]. The third diagram in
Fig. 1, will generate a shift%øg(i )

! NN for each øg(i )
! NN coupling. The EDM dHg depends via the

Schi! moment on øg(i )
! NN

dHg = dHg (SHg [øg(i )
! NN ]), (41)

taking nuclear e! ects into account. In particular, the contribution to dHg from the Schi!
moment is given by [20, 51]

dHg = ! 2.8 " 10! 4 SHg

fm2 , (42)

where the Schi! moment SHg is given in terms of the CP-odd pion nucleon couplings as

SHg = g! NN [ 0.01 øg(0)
! NN + 0.07 øg(1)

! NN + 0.02 øg(2)
! NN ] e fm3, (43)

whereg! NN # 13.5 is the strong pion-nucleon coupling. Thus, the shift in the pion-nucleon
couplings øg(i )

! NN due to the virtual ! loop results in a correction to the Schi! moment given
by

%SHg = g! NN [ 0.01%øg(0)
! NN + 0.07%øg(1)

! NN + 0.02%øg(2)
! NN ] e fm3. (44)

This correction to the Schi! moment causes a shift indHg given by

%dHg = ! 2.8 " 10! 4 %SHg

fm2 . (45)

Details of the computation of the the virtual ! -loop in the third diagram of Fig. 1 and
the resulting correction to pion-nucleon CP-odd couplings øg(0)

! NN are given in appendix A.
The result expressed in terms ofgsgp is given by

%øg(0)
! NN #

1
16#

m2
! + m! m" + m2

"

m! + m"

gA m2
!

90 MeVmN f !
gsgp, %øg(1)

! NN = 0, %øg(2)
! NN = 0. (46)

Mercury EDM

¥ The mercury EDM in terms of the Schiff moment

¥ Schiff moment in terms of pion-nucleon couplings

¥ Definition of pion-nucleon couplings

(Griffith;de Jesus, Engel)
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1. Leading contributions

The shift in the pion-nucleon coupling in Eq. (46) arises from the calculation of the two
diagrams in Fig. 2 and correspond to the leading contributions. The di! erent vertices in the

+

N N !

!

p!p

"

#

N N !

!

p!p

"

#

FIG. 2: Leading contributions from a virtual ! loop that give rise to the shift in the CP-odd
pion-nucleon coupling in Eq. (46).

diagrams are described by the e! ective interactions in HB! PT

L ! øNN =
2gA

f !
" µ#a øNv

$a

2
SµNv, (A1)

L "!! = g!
s % #a#a, (A2)

L " øNN = !
gp

mN

øNv (Sµ" µ%) Nv, (A3)

wheregA " 1.27, mN " 940 MeV denotes the nucleon mass, andf ! " 92.4 MeV is the pion
decay constant. The heavy baryon nucleon ÞeldsNv are deÞned in terms of the full theory
nucleon ÞeldsN as

Nv(x) = exp( im N v áx)
1 + /v

2
N (x), (A4)

wherevµ denotes the four-velocity which satisÞesv2 = 1. The spin operator Sµ appearing
in Eq. (A3) is given by

Sµ =
i
2

&5$µ#v#. (A5)

In appendix C, it is shown that the couplingg!
s , appearing in L "!! in Eq. (A3), can be

written as g!
s " m2

!
90 MeV gs, so that both diagrams are proportional togsgp.

The amplitude of the Þrst diagram in Fig. (2) is given by

M a
1 "

g!
s gpgA

mN f !

!
dd'

(2#)d
øNv(p!)$a (S áøq) (S á' ) Nv(p)

1
v áøp + i (

1
' 2 ! m2

" + i (
1

øq2 ! m2
! + i (

,

(A6)

with q = p! ! p, øp = p ! ' , øp! = p! + ' and øq = q + ' and øNv(p) denotes the nucleonSU(2)
isospinor in momentum space. The superscripta on the amplitude denotes the pion isospin
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e! ects associated with all pion insertions to the virtual! loop diagram, which are not taken
into account as renormalization of propagators and vertices, i.e. the scalar! is a light
propagating and dynamical degree of freedom and cannot be integrated out into an e! ective
pion-nucleon coupling. However, for the purpose of obtaining a rough order of magnitude
estimate, we expect it is su" cient to treat this e! ect as a correction to the CP-odd pion-
nucleon coupling which is used as an input parameter in the full nuclear EDM calculation.
The general form of the CP-odd pion-nucleon interactions is given by [41, 46, 48, 49]

L ! NN = øg(0)
! NN

øN " aN #a + øg(1)
! NN

øNN #0 + øg(2)
! NN ( øN " aN #a ! 3 øN " 3N #0), (40)

where øg(0)
! NN , øg(1)

! NN , and øg(2)
! NN denote the induced isoscalar, isovector, and isotensor com-

ponents of the CP-odd pion-nucleon coupling øg! NN . This result is arrived at using the
techniques of heavy baryon chiral perturbation theory (HB$PT) [50]. The third diagram in
Fig. 1, will generate a shift%øg(i )

! NN for each øg(i )
! NN coupling. The EDM dHg depends via the

Schi! moment on øg(i )
! NN

dHg = dHg (SHg [øg(i )
! NN ]), (41)

taking nuclear e! ects into account. In particular, the contribution to dHg from the Schi!
moment is given by [20, 51]

dHg = ! 2.8 " 10! 4 SHg

fm2 , (42)

where the Schi! moment SHg is given in terms of the CP-odd pion nucleon couplings as

SHg = g! NN [ 0.01 øg(0)
! NN + 0.07 øg(1)

! NN + 0.02 øg(2)
! NN ] e fm3, (43)

whereg! NN # 13.5 is the strong pion-nucleon coupling. Thus, the shift in the pion-nucleon
couplings øg(i )

! NN due to the virtual ! loop results in a correction to the Schi! moment given
by

%SHg = g! NN [ 0.01%øg(0)
! NN + 0.07%øg(1)

! NN + 0.02%øg(2)
! NN ] e fm3. (44)

This correction to the Schi! moment causes a shift indHg given by

%dHg = ! 2.8 " 10! 4 %SHg

fm2 . (45)

Details of the computation of the the virtual ! -loop in the third diagram of Fig. 1 and
the resulting correction to pion-nucleon CP-odd couplings øg(0)

! NN are given in appendix A.
The result expressed in terms ofgsgp is given by

%øg(0)
! NN #

1
16#

m2
! + m! m" + m2

"

m! + m"

gA m2
!

90 MeVmN f !
gsgp, %øg(1)

! NN = 0, %øg(2)
! NN = 0. (46)
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e! ects associated with all pion insertions to the virtual! loop diagram, which are not taken
into account as renormalization of propagators and vertices, i.e. the scalar! is a light
propagating and dynamical degree of freedom and cannot be integrated out into an e! ective
pion-nucleon coupling. However, for the purpose of obtaining a rough order of magnitude
estimate, we expect it is su" cient to treat this e! ect as a correction to the CP-odd pion-
nucleon coupling which is used as an input parameter in the full nuclear EDM calculation.
The general form of the CP-odd pion-nucleon interactions is given by [41, 46, 48, 49]

L ! NN = øg(0)
! NN

øN " aN #a + øg(1)
! NN

øNN #0 + øg(2)
! NN ( øN " aN #a ! 3 øN " 3N #0), (40)

where øg(0)
! NN , øg(1)

! NN , and øg(2)
! NN denote the induced isoscalar, isovector, and isotensor com-

ponents of the CP-odd pion-nucleon coupling øg! NN . This result is arrived at using the
techniques of heavy baryon chiral perturbation theory (HB$PT) [50]. The third diagram in
Fig. 1, will generate a shift%øg(i )

! NN for each øg(i )
! NN coupling. The EDM dHg depends via the

Schi! moment on øg(i )
! NN

dHg = dHg (SHg [øg(i )
! NN ]), (41)

taking nuclear e! ects into account. In particular, the contribution to dHg from the Schi!
moment is given by [20, 51]

dHg = ! 2.8 " 10! 4 SHg

fm2 , (42)

where the Schi! moment SHg is given in terms of the CP-odd pion nucleon couplings as

SHg = g! NN [ 0.01 øg(0)
! NN + 0.07 øg(1)

! NN + 0.02 øg(2)
! NN ] e fm3, (43)

whereg! NN # 13.5 is the strong pion-nucleon coupling. Thus, the shift in the pion-nucleon
couplings øg(i )

! NN due to the virtual ! loop results in a correction to the Schi! moment given
by

%SHg = g! NN [ 0.01%øg(0)
! NN + 0.07%øg(1)

! NN + 0.02%øg(2)
! NN ] e fm3. (44)

This correction to the Schi! moment causes a shift indHg given by

%dHg = ! 2.8 " 10! 4 %SHg

fm2 . (45)

Details of the computation of the the virtual ! -loop in the third diagram of Fig. 1 and
the resulting correction to pion-nucleon CP-odd couplings øg(0)

! NN are given in appendix A.
The result expressed in terms ofgsgp is given by

%øg(0)
! NN #

1
16#

m2
! + m! m" + m2

"

m! + m"

gA m2
!

90 MeVmN f !
gsgp, %øg(1)

! NN = 0, %øg(2)
! NN = 0. (46)
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e! ects associated with all pion insertions to the virtual! loop diagram, which are not taken
into account as renormalization of propagators and vertices, i.e. the scalar! is a light
propagating and dynamical degree of freedom and cannot be integrated out into an e! ective
pion-nucleon coupling. However, for the purpose of obtaining a rough order of magnitude
estimate, we expect it is su" cient to treat this e! ect as a correction to the CP-odd pion-
nucleon coupling which is used as an input parameter in the full nuclear EDM calculation.
The general form of the CP-odd pion-nucleon interactions is given by [41, 46, 48, 49]

L ! NN = øg(0)
! NN

øN " aN #a + øg(1)
! NN

øNN #0 + øg(2)
! NN ( øN " aN #a ! 3 øN " 3N #0), (40)

where øg(0)
! NN , øg(1)

! NN , and øg(2)
! NN denote the induced isoscalar, isovector, and isotensor com-

ponents of the CP-odd pion-nucleon coupling øg! NN . This result is arrived at using the
techniques of heavy baryon chiral perturbation theory (HB$PT) [50]. The third diagram in
Fig. 1, will generate a shift%øg(i )

! NN for each øg(i )
! NN coupling. The EDM dHg depends via the

Schi! moment on øg(i )
! NN

dHg = dHg (SHg [øg(i )
! NN ]), (41)

taking nuclear e! ects into account. In particular, the contribution to dHg from the Schi!
moment is given by [20, 51]

dHg = ! 2.8 " 10! 4 SHg

fm2 , (42)

where the Schi! moment SHg is given in terms of the CP-odd pion nucleon couplings as

SHg = g! NN [ 0.01 øg(0)
! NN + 0.07 øg(1)

! NN + 0.02 øg(2)
! NN ] e fm3, (43)

whereg! NN # 13.5 is the strong pion-nucleon coupling. Thus, the shift in the pion-nucleon
couplings øg(i )

! NN due to the virtual ! loop results in a correction to the Schi! moment given
by

%SHg = g! NN [ 0.01%øg(0)
! NN + 0.07%øg(1)

! NN + 0.02%øg(2)
! NN ] e fm3. (44)

This correction to the Schi! moment causes a shift indHg given by

%dHg = ! 2.8 " 10! 4 %SHg

fm2 . (45)

Details of the computation of the the virtual ! -loop in the third diagram of Fig. 1 and
the resulting correction to pion-nucleon CP-odd couplings øg(0)

! NN are given in appendix A.
The result expressed in terms ofgsgp is given by

%øg(0)
! NN #

1
16#

m2
! + m! m" + m2

"

m! + m"

gA m2
!

90 MeVmN f !
gsgp, %øg(1)

! NN = 0, %øg(2)
! NN = 0. (46)
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e! ects associated with all pion insertions to the virtual! loop diagram, which are not taken
into account as renormalization of propagators and vertices, i.e. the scalar! is a light
propagating and dynamical degree of freedom and cannot be integrated out into an e! ective
pion-nucleon coupling. However, for the purpose of obtaining a rough order of magnitude
estimate, we expect it is su" cient to treat this e! ect as a correction to the CP-odd pion-
nucleon coupling which is used as an input parameter in the full nuclear EDM calculation.
The general form of the CP-odd pion-nucleon interactions is given by [41, 46, 48, 49]

L ! NN = øg(0)
! NN

øN " aN #a + øg(1)
! NN

øNN #0 + øg(2)
! NN ( øN " aN #a ! 3 øN " 3N #0), (40)

where øg(0)
! NN , øg(1)

! NN , and øg(2)
! NN denote the induced isoscalar, isovector, and isotensor com-

ponents of the CP-odd pion-nucleon coupling øg! NN . This result is arrived at using the
techniques of heavy baryon chiral perturbation theory (HB$PT) [50]. The third diagram in
Fig. 1, will generate a shift%øg(i )

! NN for each øg(i )
! NN coupling. The EDM dHg depends via the

Schi! moment on øg(i )
! NN

dHg = dHg (SHg [øg(i )
! NN ]), (41)

taking nuclear e! ects into account. In particular, the contribution to dHg from the Schi!
moment is given by [20, 51]

dHg = ! 2.8 " 10! 4 SHg

fm2 , (42)

where the Schi! moment SHg is given in terms of the CP-odd pion nucleon couplings as

SHg = g! NN [ 0.01 øg(0)
! NN + 0.07 øg(1)

! NN + 0.02 øg(2)
! NN ] e fm3, (43)

whereg! NN # 13.5 is the strong pion-nucleon coupling. Thus, the shift in the pion-nucleon
couplings øg(i )

! NN due to the virtual ! loop results in a correction to the Schi! moment given
by

%SHg = g! NN [ 0.01%øg(0)
! NN + 0.07%øg(1)

! NN + 0.02%øg(2)
! NN ] e fm3. (44)

This correction to the Schi! moment causes a shift indHg given by

%dHg = ! 2.8 " 10! 4 %SHg

fm2 . (45)

Details of the computation of the the virtual ! -loop in the third diagram of Fig. 1 and
the resulting correction to pion-nucleon CP-odd couplings øg(0)

! NN are given in appendix A.
The result expressed in terms ofgsgp is given by

%øg(0)
! NN #

1
16#

m2
! + m! m" + m2

"
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gA m2
!

90 MeVmN f !
gsgp, %øg(1)

! NN = 0, %øg(2)
! NN = 0. (46)
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e! ects associated with all pion insertions to the virtual! loop diagram, which are not taken
into account as renormalization of propagators and vertices, i.e. the scalar! is a light
propagating and dynamical degree of freedom and cannot be integrated out into an e! ective
pion-nucleon coupling. However, for the purpose of obtaining a rough order of magnitude
estimate, we expect it is su" cient to treat this e! ect as a correction to the CP-odd pion-
nucleon coupling which is used as an input parameter in the full nuclear EDM calculation.
The general form of the CP-odd pion-nucleon interactions is given by [41, 46, 48, 49]

L ! NN = øg(0)
! NN

øN " aN #a + øg(1)
! NN

øNN #0 + øg(2)
! NN ( øN " aN #a ! 3 øN " 3N #0), (40)

where øg(0)
! NN , øg(1)

! NN , and øg(2)
! NN denote the induced isoscalar, isovector, and isotensor com-

ponents of the CP-odd pion-nucleon coupling øg! NN . This result is arrived at using the
techniques of heavy baryon chiral perturbation theory (HB$PT) [50]. The third diagram in
Fig. 1, will generate a shift%øg(i )

! NN for each øg(i )
! NN coupling. The EDM dHg depends via the

Schi! moment on øg(i )
! NN

dHg = dHg (SHg [øg(i )
! NN ]), (41)

taking nuclear e! ects into account. In particular, the contribution to dHg from the Schi!
moment is given by [20, 51]

dHg = ! 2.8 " 10! 4 SHg

fm2 , (42)

where the Schi! moment SHg is given in terms of the CP-odd pion nucleon couplings as

SHg = g! NN [ 0.01 øg(0)
! NN + 0.07 øg(1)

! NN + 0.02 øg(2)
! NN ] e fm3, (43)

whereg! NN # 13.5 is the strong pion-nucleon coupling. Thus, the shift in the pion-nucleon
couplings øg(i )

! NN due to the virtual ! loop results in a correction to the Schi! moment given
by

%SHg = g! NN [ 0.01%øg(0)
! NN + 0.07%øg(1)

! NN + 0.02%øg(2)
! NN ] e fm3. (44)

This correction to the Schi! moment causes a shift indHg given by

%dHg = ! 2.8 " 10! 4 %SHg

fm2 . (45)

Details of the computation of the the virtual ! -loop in the third diagram of Fig. 1 and
the resulting correction to pion-nucleon CP-odd couplings øg(0)

! NN are given in appendix A.
The result expressed in terms ofgsgp is given by

%øg(0)
! NN #

1
16#

m2
! + m! m" + m2

"

m! + m"

gA m2
!

90 MeVmN f !
gsgp, %øg(1)

! NN = 0, %øg(2)
! NN = 0. (46)

Shift in the Mercury EDM
¥ Shift in the Schiff moment will cause a shift in the EDM

¥ Shift in the Schiff moment arises from one-loop pion-nucleon 
couplings

¥ Shift in CP-odd pion-nucleon couplings
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1. Leading contributions

The shift in the pion-nucleon coupling in Eq. (46) arises from the calculation of the two
diagrams in Fig. 2 and correspond to the leading contributions. The di! erent vertices in the
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p!p

"

#

N N !

!
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"

#

FIG. 2: Leading contributions from a virtual ! loop that give rise to the shift in the CP-odd
pion-nucleon coupling in Eq. (46).

diagrams are described by the e! ective interactions in HB! PT

L ! øNN =
2gA

f !
" µ#a øNv

$a

2
SµNv, (A1)

L "!! = g!
s % #a#a, (A2)

L " øNN = !
gp

mN

øNv (Sµ" µ%) Nv, (A3)

wheregA " 1.27, mN " 940 MeV denotes the nucleon mass, andf ! " 92.4 MeV is the pion
decay constant. The heavy baryon nucleon ÞeldsNv are deÞned in terms of the full theory
nucleon ÞeldsN as

Nv(x) = exp( im N v áx)
1 + /v

2
N (x), (A4)

wherevµ denotes the four-velocity which satisÞesv2 = 1. The spin operator Sµ appearing
in Eq. (A3) is given by

Sµ =
i
2

&5$µ#v#. (A5)

In appendix C, it is shown that the couplingg!
s , appearing in L "!! in Eq. (A3), can be

written as g!
s " m2

!
90 MeV gs, so that both diagrams are proportional togsgp.

The amplitude of the Þrst diagram in Fig. (2) is given by
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with q = p! ! p, øp = p ! ' , øp! = p! + ' and øq = q + ' and øNv(p) denotes the nucleonSU(2)
isospinor in momentum space. The superscripta on the amplitude denotes the pion isospin
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e! ects associated with all pion insertions to the virtual! loop diagram, which are not taken
into account as renormalization of propagators and vertices, i.e. the scalar! is a light
propagating and dynamical degree of freedom and cannot be integrated out into an e! ective
pion-nucleon coupling. However, for the purpose of obtaining a rough order of magnitude
estimate, we expect it is su" cient to treat this e! ect as a correction to the CP-odd pion-
nucleon coupling which is used as an input parameter in the full nuclear EDM calculation.
The general form of the CP-odd pion-nucleon interactions is given by [41, 46, 48, 49]

L ! NN = øg(0)
! NN

øN " aN #a + øg(1)
! NN

øNN #0 + øg(2)
! NN ( øN " aN #a ! 3 øN " 3N #0), (40)

where øg(0)
! NN , øg(1)

! NN , and øg(2)
! NN denote the induced isoscalar, isovector, and isotensor com-

ponents of the CP-odd pion-nucleon coupling øg! NN . This result is arrived at using the
techniques of heavy baryon chiral perturbation theory (HB$PT) [50]. The third diagram in
Fig. 1, will generate a shift%øg(i )

! NN for each øg(i )
! NN coupling. The EDM dHg depends via the

Schi! moment on øg(i )
! NN

dHg = dHg (SHg [øg(i )
! NN ]), (41)

taking nuclear e! ects into account. In particular, the contribution to dHg from the Schi!
moment is given by [20, 51]

dHg = ! 2.8 " 10! 4 SHg

fm2 , (42)

where the Schi! moment SHg is given in terms of the CP-odd pion nucleon couplings as

SHg = g! NN [ 0.01 øg(0)
! NN + 0.07 øg(1)

! NN + 0.02 øg(2)
! NN ] e fm3, (43)

whereg! NN # 13.5 is the strong pion-nucleon coupling. Thus, the shift in the pion-nucleon
couplings øg(i )

! NN due to the virtual ! loop results in a correction to the Schi! moment given
by

%SHg = g! NN [ 0.01%øg(0)
! NN + 0.07%øg(1)

! NN + 0.02%øg(2)
! NN ] e fm3. (44)

This correction to the Schi! moment causes a shift indHg given by

%dHg = ! 2.8 " 10! 4 %SHg

fm2 . (45)

Details of the computation of the the virtual ! -loop in the third diagram of Fig. 1 and
the resulting correction to pion-nucleon CP-odd couplings øg(0)

! NN are given in appendix A.
The result expressed in terms ofgsgp is given by

%øg(0)
! NN #

1
16#

m2
! + m! m" + m2

"

m! + m"

gA m2
!

90 MeVmN f !
gsgp, %øg(1)

! NN = 0, %øg(2)
! NN = 0. (46)
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Shift in the Mercury EDM
¥ Shift in the Schiff moment will cause a shift in the EDM

¥ Shift in the Schiff moment arises from one-loop pion-nucleon 
couplings

¥ Shift in CP-odd pion-nucleon couplings
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EDM and Þfth-force experiments to constrain SD forces is the main focus of this paper.
The axion [14Ð17], invoked to solve the strong CP problem, is the most familiar example of

a mediator of a new SD force that is constrained by EDM searches. In fact, EDM limits place
upper bounds on the product of axion couplingsg1

sg2
p, appearing in Eq. (1), that are several

orders of magnitude more stringent than those derived from Þfth-force experiments. This is
a result of the unique properties of the axion and its induced couplings to matter. However,
as we show in this paper, if one considers more general SD forces that are mediated by
light scalars with arbitrary couplings, Þfth-force experiments can place signiÞcantly tighter
bounds in large regions of parameter space.

A non-zero EDM arises from a term in the Lagrangian of the form

L = ! d
i
2

ø! " µ! #5 ! Fµ! . (2)

In the non-relativistic limit, it gives rise to the Hamiltonian

H = ! d $E á
$S
S

, (3)

for a particle of spin $S in an electric Þeld $E. For a non-zero value ofd, CP violation is
apparent from the CPT theorem and the behavior of the Hamiltonian under time-reversal
T( $E á$S) = ! $E á$S. The current bounds for the EDM of the neutron, the electron, and the
diamagnetic Mercury atom are

|dn| < 2.9 " 10! 13 e fm (90% C.L.) [18],

|de| < 10.5 " 10! 15 e fm (90% C.L.) [19],

|dHg | < 3.1 " 10! 16 e fm (95% C.L.) [20], (4)

respectively. If a non-zero EDM is measured, the next logical step is to determine the source
of TVPV responsible for the observed e! ect. In particular, this paper is concerned with the
possibility of a new macroscopic SD force.

II. LABORATORY FIFTH-FORCE EXPERIMENTS

There are several high-precision Þfth-force experiments that put bounds on the product
of the scalar (gs) and pseudoscalar (gp) nucleon level couplings, as a function of the massm" .
These experiments employ di! erent physical principles [13]. Currently, the most stringent
bounds come from neutron Qbounce experiments [21, 22] for the range%># 2 " 10! 5 m,
corresponding tom"

<# 10! 2 eV. This corresponds to the high mass region of the so called
axion window. For the range%<# 2 " 10! 1 m, corresponding tom"

># 10! 6 eV and the
low mass region of the axion window, the most stringent bounds come from experiments
measuring the precession frequency shift in the presence of an unpolarized mass [11, 12, 23].
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1. Leading contributions

The shift in the pion-nucleon coupling in Eq. (46) arises from the calculation of the two
diagrams in Fig. 2 and correspond to the leading contributions. The di! erent vertices in the

+

N N !

!

p!p

"

#

N N !

!

p!p

"

#

FIG. 2: Leading contributions from a virtual ! loop that give rise to the shift in the CP-odd
pion-nucleon coupling in Eq. (46).

diagrams are described by the e! ective interactions in HB! PT

L ! øNN =
2gA

f !
" µ#a øNv

$a

2
SµNv, (A1)

L "!! = g!
s % #a#a, (A2)

L " øNN = !
gp

mN

øNv (Sµ" µ%) Nv, (A3)

wheregA " 1.27, mN " 940 MeV denotes the nucleon mass, andf ! " 92.4 MeV is the pion
decay constant. The heavy baryon nucleon ÞeldsNv are deÞned in terms of the full theory
nucleon ÞeldsN as

Nv(x) = exp( im N v áx)
1 + /v

2
N (x), (A4)

wherevµ denotes the four-velocity which satisÞesv2 = 1. The spin operator Sµ appearing
in Eq. (A3) is given by

Sµ =
i
2

&5$µ#v#. (A5)

In appendix C, it is shown that the couplingg!
s , appearing in L "!! in Eq. (A3), can be

written as g!
s " m2

!
90 MeV gs, so that both diagrams are proportional togsgp.

The amplitude of the Þrst diagram in Fig. (2) is given by

M a
1 "

g!
s gpgA

mN f !

!
dd'

(2#)d
øNv(p!)$a (S áøq) (S á' ) Nv(p)

1
v áøp + i (

1
' 2 ! m2

" + i (
1

øq2 ! m2
! + i (

,

(A6)

with q = p! ! p, øp = p ! ' , øp! = p! + ' and øq = q + ' and øNv(p) denotes the nucleonSU(2)
isospinor in momentum space. The superscripta on the amplitude denotes the pion isospin
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Note that as mentioned earlier, the shift in øg(0)
! NN is proportional to the same product of

nucleon couplingsgsgp, deÞned in Eq. (38), that are bounded by Þfth-force limits. Using the
existing bound on the mercury EDM given in Eq. (4), one can obtain a conservative bound
(assuming no spurious cancellations with other contributions) on the product of couplings
gsgp by requiring that the shift in the EDM in Eq. (45) is less than the current bound given
in Eq. (4). The resulting bound is|gsgp| <! 10! 9.

As mentioned before, this bound should be interpreted only as a rough estimate and
could change by up two orders of magnitude. We have only considered the contribution to
dHg from the third diagram in Fig. 1. In doing so, we treated it as an e! ective correction to
the pion-nucleon couplings øg(i )

! NN . However, sincem" " " QCD , there will be nuclear e! ects
that dress the third diagram in Fig. 1. These e! ects cannot be incorporated by a simple
correction to øg(i )

! NN . Thus, one can expect order one corrections from nuclear e! ects to the
estimates given in Eq. (46). Furthermore, additional contributions todHg can arise from the
Þrst two diagrams in Fig. 1. These require a full nuclear calculation and the resulting e! ect
could change the bound ongsgp by up to two orders of magnitude. This can be understood
by noting that the third diagram in Fig. 1 is loop suppressed by a factor of! 1/ (16! 2)
relative to the Þrst tree-level exchange diagram. There are several other one loop diagrams
not shown in Fig. 1, but are expected to be subleading, as discussed in appendix A. With
all of these considerations, in the absence of a full EDM calculation, including all nuclear
e! ects in the presence of the light scalar" , we estimate that the true bound ongsgp lies
somewhere in the rangegsgp

<! [10! 12, 10! 8].

VII. COMPARISON OF FIFTH-FORCE AND EDM LIMITS

In this section, we discuss and summarize limits on macroscopic SD forces from laboratory
Þfth-force experiments, EDM constraints, and the analysis of the previous sections. In
particular, we discuss the limits on the product of nucleon level couplingsgsgp of the light
scalar mediator" , that determine the size of the macroscopic couplingsg1

sg2
p that determine

the Þfth-force potential in Eq. (1). We also discuss and summarize the di! erences between
axions and more generic light scalar SD force mediators.

For a generic scalar that mediates a macroscopic SD force, EDM constraints applied to
the analysis of section VI, give rise to an estimated bound of

gsgp
<! [10! 12, 10! 8]. (47)

These bounds can be compared with those arising from laboratory Þfth-force experiments.
For example, from Fig. 3 of Ref. [23] the bounds ongsgp for macroscopic SD forces of two
di! erent interaction ranges are given in table I. In this case, one can conclude that the
laboratory Þfth-force experiments place more stringent bounds by several orders of magni-
tude. Also note that the bounds from laboratory Þfth-force experiments exhibit far greater

EDM Bound on Macroscopic 
Spin-Dependent Force
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¥ Bound from the one-loop correction to the CP-odd 
  pion-nucleon coupling
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FIG. 1: Representative diagrams of the contribution to nuclear EDMs arising from exchanges of
the light scalar ! that mediates the macroscopic SD force. The Þrst diagram corresponds to!
exchanges between nucleons in the nucleus. The second and third diagrams can be interpreted as an
induced proton EDM and CP-odd pion-nucleon coupling due to! -exchange. Sincem! ! ! QCD ,
the light scalar ! cannot be integrated out and must be included as a propagating degree of freedom
in nuclear calculations. As a result, all the diagrams are implicitly understood to be dressed with
nuclear e" ects.

From the nucleon couplings to the light scalar! given in Eq. (38), the dominant CP-odd
mechanisms that contribute todHg can arise from the diagrams shown in Fig. 1. The Þrst
contribution arises from the CP-violating direct exchange of the light scalar! between two
nucleons. The second contribution arises from a virtual! -loop on a proton line with a photon
insertion. This contribution can be thought of as generating a proton EDM, except that the
virtual ! -loop cannot be integrated out into an e! ective EDM vertex due to its light mass.
The Þnal contribution arises from a virtual! -loop that connects nucleons and pions. This
last contribution can be thought of as a contribution to the e! ective pion-nucleon coupling,
except once again,! cannot be integrated out into an e! ective vertex.

The important point here is to note that all of these diagrams are proportional to the
product of the nucleon level couplingsgsgp, deÞned in Eq. (38). Note that in the third
diagram, the coupling of! to the pion is related to gs, as shown in appendix C. Thus,
current EDM limits can be translated into bounds ongsgp. The product of the macroscopic
couplingsg1

sg2
p that appear in the SD Þfth-force potential in Eq. (1), are also proportional

to the same productgsgp. Thus, Þfth-force limits also translate into bounds on the product
gsgp. As a result, EDM and Þfth-force limits can be used as complementary probes of SD
macroscopic forces and the corresponding CP-violating e! ects.

All of the diagrams in Fig. 1 occur inside the nuclear environment of the Hg nucleus and
will be dressed by nuclear e! ects. For example, there can be an arbitrary number of pion
exchanges that dress the diagrams in Fig. 1. Such nuclear e! ects (see Ref. [47] for a review)
cannot be computed in perturbation theory and a rigorous treatment is beyond the scope
of this work. Instead we provide a rough estimate based perturbative calculations in the
light scalar couplingsgs and gp, as in Fig. 1, being incorporated into existing calculations
that take nuclear e! ects into account. In particular, we focus on the contribution of the last
diagram in Fig. 1. We compute this diagram and interpret the result as a correction to the
e! ective CP-odd pion-nucleon coupling øg" NN . This interpretation will miss those nuclear

¥ This result will be modified by order one nuclear effects 
and additional diagrams. The tree level diagram can enhance 
the effect by two orders of magnitude.

¥ A rigorous calculation with all effects included is expected 
to yield
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and information on these numerical values, we refer the reader to Ref. [1]. For order of
magnitude estimates obtained below, the best values are used.

The shift in the pion-nucleon couplings øg(i )
! NN due to the virtual ! loop results in a

correction to the Schi! moment which is given byonly the Þrst term arises in our scenario

"SHg = g! NN [ a0 " øg(0)
! NN + a1 " øg(1)

! NN + a2 " øg(2)
! NN ] e fm3, (45)

This correction to the Schi! moment causes a shift indHg given by

"dHg = ! 2.8 " 10! 4 "SHg

fm2 . (46)

Details of the computation of the the virtual ! -loop in the third diagram of Fig. 1 and
the resulting correction to pion-nucleon CP-odd couplings øg(0)

! NN are given in appendix A.
The result expressed in terms ofgsgp is given by

" øg(0)
! NN #

1
16#

m2
! + m! m" + m2

"

m! + m"

gA m2
!

90 MeVmN f !
gsgp, " øg(1)

! NN = 0, " øg(2)
! NN = 0. (47)

Note that as mentioned earlier, the shift in øg(0)
! NN is proportional to the same product of

nucleon couplingsgsgp, deÞned in Eq. (38), that are bounded by Þfth-force limits. Using the
existing bound on the mercury EDM given in Eq. (4), one can obtain a conservative bound
(assuming no spurious cancellations with other contributions) on the product of couplings
gsgp by requiring that the shift in the EDM in Eq. (46) is less than the current bound given
in Eq. (4). The resulting bound is|gsgp| <$ 10! 9.

As emphasized above, this bound should be interpreted only as a rough upper bound.
Direct ! -exchange may strengthen it by up to two orders of magnitude. Consequently, we
conservatively quote a range of upper boundsgsgp

<$ [10! 11, 10! 9].

VII. COMPARISON OF FIFTH-FORCE AND EDM LIMITS

In this section, we discuss and summarize limits on macroscopic SD forces from laboratory
Þfth-force experiments, EDM constraints, and the analysis of the previous sections. In
particular, we discuss the limits on the product of nucleon level couplingsgsgp of the light
scalar mediator! , that determine the size of the macroscopic couplingsg1

sg2
p that determine

the Þfth-force potential in Eq. (1). We also discuss and summarize the di! erences between
axions and the more generic light scalar SD force mediators.

For a generic scalar, EDM constraints applied to the analysis of section VI, gives rise to
an estimated bound in the range

gsgp
<$ [10! 11, 10! 9]. (48)

These bounds can be compared with those arising from laboratory Þfth-force experiments.
For example, from Fig. 3 of Ref. [24] the bounds ongsgp for macroscopic SD forces of two
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Interaction range ! [m] m! [eV] |gsgp|

! 2 " 10! 5 ! 10! 2 < 10! 16

! 2 " 10! 1 ! 10! 6 < 10! 29

TABLE I: Bounds from Þfth-force experiments

sensitivity to the interaction range, or equivalently to the massm! . This is simply under-
stood by noting that EDM constrains have no sensitivity tom! , since the typical nuclear
sizerN # 1/m ! . i.e. in comparison to typical nuclear scales, the light scalar! is essentially
massless. Only when 1/m ! ! rN ! 1/m " can one expect EDM bounds to be sensitive to
m! ; as seen for example in Eq. (46). However, in this case the interaction range is too small
to be observed as amacroscopicSD force.

The interaction ranges listed in table I, fall within the so called axion window; the not
yet excluded range of masses for axions. However, as one increasesm! and goes outside
the axion window, one expects the sensitivity of Þfth-force experiments to decrease with
decreasing interaction range" . Since the EDM limits are insensitive tom! , as long asm! #
m" , one expects that eventually the EDM and Þfth-force limits might become comparable.
From Ref. [13], this may occur somewhere in the region where 10! 10 m <! " <! 10! 7 m,
corresponding to 2 eV<! m!

<! 2 keV. Finally, for " <! 10! 10 m, corresponding tom!
>! 2

keV, one expects EDM limits to dominate over Þfth-force experiments.
The discussion in this section so far has been about generic light scalars! , unrelated

to the strong CP problem. For the special case of axion-like particles, invoked speciÞcally
to solve the strong CP problem, the situation is reversed. As discussed in section IV, it is
well-known that for axions the EDM limits dominate over Þfth-force limits by several orders
of magnitude. This is due to the fact that couplings of the axions to SM quarks are related
to the strong CP parameter and in this case the resulting bound is (see section IV)

gsgp

!
!
axion

$ #ind.
m2

q

f 2
a

< 10! 40 %10! 34. (48)

Thus, for the case of axions, Þfth-force experiments currently cannot compete with EDM
limits.

Finally, we would like to note that the dependence of the nucleon level couplingsgs, gp

on m! is di! erent for the axion compared to a more generic scalar. In the case of the
axion the massma ! 1/f a (see Eq. 35), so we havega,sga,p ! 1/f 2

a ! m2
a (see Eq. 35).

On the other hand, as already discussed, for the case of a generic scalar the nucleon level
couplingsgs, gp are essentially independent on the massm! . Thus, while EDM constraints
are largely insensitive to the light scalar massm! in the case of generic scalars, they do
exhibit sensitivity for the special case of axion-like particles.

Thus, if an interesting signal is observed in EDM or Þfth-force experiments, a comple-
mentary analysis can be done to probe the underlying nature of the signal. For example,
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¥ EDM limit:

¥ Fifth force limits:

¥ EDM limit on axion forces:
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and information on these numerical values, we refer the reader to Ref. [1]. For order of
magnitude estimates obtained below, the best values are used.

The shift in the pion-nucleon couplings øg(i )
! NN due to the virtual ! loop results in a

correction to the Schi! moment which is given byonly the Þrst term arises in our scenario

"SHg = g! NN [ a0 " øg(0)
! NN + a1 " øg(1)
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! NN ] e fm3, (45)

This correction to the Schi! moment causes a shift indHg given by
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Details of the computation of the the virtual ! -loop in the third diagram of Fig. 1 and
the resulting correction to pion-nucleon CP-odd couplings øg(0)

! NN are given in appendix A.
The result expressed in terms ofgsgp is given by
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Note that as mentioned earlier, the shift in øg(0)
! NN is proportional to the same product of

nucleon couplingsgsgp, deÞned in Eq. (38), that are bounded by Þfth-force limits. Using the
existing bound on the mercury EDM given in Eq. (4), one can obtain a conservative bound
(assuming no spurious cancellations with other contributions) on the product of couplings
gsgp by requiring that the shift in the EDM in Eq. (46) is less than the current bound given
in Eq. (4). The resulting bound is|gsgp| <$ 10! 9.

As emphasized above, this bound should be interpreted only as a rough upper bound.
Direct ! -exchange may strengthen it by up to two orders of magnitude. Consequently, we
conservatively quote a range of upper boundsgsgp

<$ [10! 11, 10! 9].

VII. COMPARISON OF FIFTH-FORCE AND EDM LIMITS

In this section, we discuss and summarize limits on macroscopic SD forces from laboratory
Þfth-force experiments, EDM constraints, and the analysis of the previous sections. In
particular, we discuss the limits on the product of nucleon level couplingsgsgp of the light
scalar mediator! , that determine the size of the macroscopic couplingsg1

sg2
p that determine

the Þfth-force potential in Eq. (1). We also discuss and summarize the di! erences between
axions and the more generic light scalar SD force mediators.

For a generic scalar, EDM constraints applied to the analysis of section VI, gives rise to
an estimated bound in the range

gsgp
<$ [10! 11, 10! 9]. (48)

These bounds can be compared with those arising from laboratory Þfth-force experiments.
For example, from Fig. 3 of Ref. [24] the bounds ongsgp for macroscopic SD forces of two
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We consider theoretical motivations to search for extra short-range fundamental forces
as well as experiments constraining their parameters. The forces could be of two types:
1) spin-independent forces; 2) spin-dependent axion-like forces. Different experimental
techniques are sensitive in respective ranges of characteristic distances. The techniques
include measurements of gravity at short distances, searches for extra interactions on
top of the Casimir force, precision atomic and neutron experiments. We focus on neutron
constraints, thus the range of characteristic distances considered here corresponds to the
range accessible for neutron experiments.
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r Ž s u m Ž

Nous considŽrons les motivations thŽoriques pour rechercher des forces fondamentales
supplŽmentaires ˆ courte portŽe ainsi que des expŽriences contraignant leurs param•tres.
Les forces peuvent •tre de deux types : 1) les forces indŽpendantes du spin ; 2) les forces
dŽpendant du spin, de type axion. DiffŽrentes techniques expŽrimentales sont sensibles
dans des domaines diffŽrents de distances caractŽristiques. Les expŽriences incluent des
mesures de gravitŽ ˆ courte distance, la recherche dÕinteractions supplŽmentaires en
plus de la force de Casimir, des expŽriences atomiques et neutroniques de prŽcision.
Comme nous mettons lÕaccent sur les contraintes neutroniques, la gamme de distances
caractŽristiques considŽrŽes ici correspond ˆ la plage accessible pour les expŽriences avec
les neutrons.
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Conclusions

¥ A signal for short range spin-dependent forces implies CP 
  violation beyond the SM.

¥ Observations in fifth Force experiments can be correlated 
   with EDM constraints.

¥ EDM limits always dominate constriants on Axion mediated 
   short range forces.

¥ For generic scalars EDM and fifth force limits can compete 
   or one can dominate depending on the region of parameter 
   space.


