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Effective field theory arguments suggest that if beyond the standard model (BSM) sectors contain new
sources of CP violation that couple to QCD, these sources will renormalize the 6 term and frustrate
ultraviolet solutions to the strong CP problem. Simultaneously, they will generate distinctive patterns of
low-energy electric dipole moments in hadronic, nuclear, atomic, and molecular systems. Observing such
patterns thus provides evidence that strong CP is solved by an infrared relaxation mechanism. We illustrate
the renormalization of @ and the collections of electric dipole moments generated in several models of BSM
physics, confirming effective field theory expectations, and demonstrate that measurements of ratios of
electric dipole moments at planned experiments can provide valuable input on the resolution of the strong

CP problem.
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I. INTRODUCTION

The universe violates parity (P) and charge-parity (CP)
symmetries. In the standard model (SM), the weak inter-
actions break P and CP, while, beyond the standard model,
new sources of CP violation are required to generate the
baryon asymmetry. For these reasons, it is a surprise that
the strong interactions appear to be P/CP symmetric. Even
at the renormalizable level, the strong interactions contain a
P/CP-violating (CPV) phase 6. The limit on the neutron
electric dipole moment (EDM), however, presently places a
bound 6 < 1.2 x 1071 [1,2]. If P and CP are not sym-
metries of the Universe, why, then, does the strong force
appear to conserve these quantum numbers to fantastic
precision? Under renormalization, we might expect an O(1)
0 to be generated, even if for some reason it vanishes as an
ultraviolet (UV) boundary condition.

It is a curious fact that this naive renormalization group
expectation is not reflected by the SM alone, even if it
appears to be true in generic extensions of the SM.
Radiative corrections to @ in the SM start at high loop
order [3] and are estimated to be well below the current
experimental bound. This surprising property is the starting
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point for UV solutions to the strong CP problem, including
Nelson-Barr models based on spontaneous CP violation,
models based on spontaneous parity violation, and others
[4-11]. If the UV Lagrangian preserves P, CP, or suitable
generalizations of them, then 6 =0 is a natural UV
boundary condition. These symmetries must be broken
spontaneously, and the trick is to sequester the order
parameters sufficiently from QCD so that @ is not regen-
erated when the spontaneous symmetry breaking sector is
integrated out. This is a subtle model-building problem,
because the fact that @ is negligibly renormalized in the SM
appears to be quite special, due to the limited flavor
structures of the SM, and is not a property shared by most
extensions of the SM [12-18]. Minimal left-right models,
for example, preserve parity in the UV, so that = 0 is a
natural boundary condition, but it is regenerated after
electroweak symmetry breaking by new phases in the
Higgs sector. However, various classes of UV solutions
are known that might achieve the required sequestration, in
which case the special radiative structure of the SM takes
over and protects 6 into the infrared (IR).

Generically, one does not expect to observe any new
sources of hadronic CP violation if strong CP is addressed
by a UV mechanism. The sequestering required to protect #
from spontaneous P/CP breaking to several loop order
also typically prevents any other sources of hadronic CP
violation—various dimension-six operators, in the lan-
guage of the SM effective field theory (SMEFT)—from
being generated at an observable level. This can be verified
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in explicit models for UV solutions. For example, the two-
loop corrections to @ in models of softly broken generalized
parity typically dominate the pattern of EDMs [19]. More
generally, the argument can be sharpened examining the
divergence structure of SMEFT [18]. dimension-six CPV
operators coupling to quarks or gluons give rise to one-loop
quadratic divergences in 6, reflecting strong sensitivity of 6
to the CPV physics at the cutoff.

Contrapositively, UV models proposed to address strong
CP can be constrained by experimental evidence for new
(non-) sources of hadronic CP violation. The argument is
one of naturalness: even if 8 is small in the UV, if other
sources of hadronic CP violation are present at an observ-
able level, it is difficult to understand from an effective field
theory point of view why @ should be small in the IR. Thus,
if new sources of strong-sector CP violation are observed,
axion solutions to the strong CP problem—which largely
relax the IR value of @ regardless of its renormalization at
intermediate scales and the presence of higher dimension
operators—become essentially the only game in town.

This EFT argument gives low energy EDM experiments a
unique and interesting window into the strong CP problem.
These experiments are the most sensitive probes of new
sources of flavor-diagonal CPV beyond the SM. A compli-
cation, however, is that a small bare 0 itself generates a
pattern of hadronic EDMs. Therefore, correlated measure-
ments are required to distinguish a pure & scenario from one
with distinct new CPV sources. Given a sufficient suite of
hadronic EDM measurements, if nonzero EDMs are
observed, it is possible to disentangle the various contribu-
tions from a small nonzero @ and other CPV sources. If the
latter are present, the argument above can be applied.

In this work we illustrate how this EFT argument
operates by studying a few concrete UV extensions of
the SM. These models introduce new CP-violating inter-
actions for quarks and gluons somewhere above the weak
scale. We show that these interactions renormalize 0 at tree
level or one loop, necessitating an IR solution to the strong
CP problem. Furthermore, we show that the models
generate distinctive correlated patterns of EDMs distin-
guishable from the pattern generated by @ alone.

This paper is organized as follows. In Sec. II we discuss
the renormalization of 6 in the SM and beyond. We recap
how @ is corrected in SMEFT and introduce three beyond
the standard model (BSM) models with additional sources
of CP violation that explicitly verify the EFT expectations.
In Sec. III we discuss the low-energy CP-odd interactions
that are induced in the BSM models and the resulting
EDMs of hadrons, nuclei, atoms, and molecules. In Sec. IV
we demonstrate how the pattern of EDMs of different
systems can separate pure-f scenarios (which can arise
either in IR or UV solutions to the strong CP problem)
from models where higher-dimensional flavor-diagonal
CP-odd operators are relevant and an IR solution is needed.
We conclude in Sec. V.

II. CORRECTIONS TO 0

In the SM, the strong CP phase that is invariant under
anomalous chiral field redefinitions is

é:9+argd6tyttyd’ (1)

where y, ; are the up- and down-type Yukawa matrices. In
BSM models, there can be additional terms in the invariant
strong CP phase. There can also be new invariant phases that
radiatively correct 8. We will see examples of both below.

In perturbation theory, a radiative correction to arg dety
shifts @ at one loop by

A = argdet(y + 8y) — argdet = argdet(1 + y~'8y)
~Imtr(y~'8y), (2)

where y =y, y,.

A. Corrections to  in SMEFT

In SMEFT, there are quadratic divergences in the one-loop
radiative contribution to @ arising from higher-dimensional
CP-violating operators. These terms can be used to estimate
the correction to @ in a systematic computation, as long as the
Wilsonian momentum cutoff is taken sufficiently below the
scale at which the SMEFT operators become strongly
coupled. Typically, this is a conservative estimate. More
generally, the quadratic divergences can be taken simply as
an indicator that models which generate hadronic CP-
violating SMEFT operators typically also have sizeable
new threshold corrections to #. The explicit calculation
was performed in Ref. [18] and here we just list the result.

We define the dimension-six operators through

1
Lsverr = Lsm + pzcioia (3)

in terms of the operators in Table 1. The one-loop quadratic
divergence in @ from dimension-six CP-violating SMEFT
operators is [18]

TABLE L. Dimension-six SMEFT operators in the basis of
Ref. [20], which contribute to the renormalization of € at one
loop.

Oun H'HQ;; H ug, Oun H'HQ;Hdy;
Oy E_aﬂ Tdg;HGY, Ouw @aﬂ”dR e HW,
OdB QLiO-MDdeHB;w OMG QLiG”DTaMRjHGZU
O.w Qo ugT HW}, Ous Q0" ug;HB,,
OHud iH'D, Higiy"dg;  Oquga(t) — eef Q_ZiuRjQ_Zfdkz
Qouadts) e/ O Tup; Q] Ty eantt) eI e, 0] gy
Oledq LLieRdek O OHG HTHGﬁuG‘W
OG fabc Gf” va G;l)

P
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Absent an infrared relaxation of 6, e.g., by the Peccei-
Quinn mechanism, naturalness requires |60] < 10710,
implying a stringent bound on the combination of
Wilson coefficients in Eq. (4).

Now we consider specific UV completions of the SM
where the threshold corrections to @ and the predictions for
numerous EDM observables can be computed explicitly.
We confirm the EFT expectation that whenever a dimen-
sion-six operator is introduced that appears in Eq. (4), the
dominant source of CP violation should be a @ term much
larger than the present bound, unless it is relaxed by a
Peccei-Quinn mechanism.

Axion models [21-28] provide the standard IR solu-
tion to the strong CP problem. The QCD axion nonlinearly
realizes an approximate chiral U(1 )PQ symmetry, with decay

constant f,, = 10° GeV. The axion a modifies the CP-odd
Lagrangian term for the gluons, £ — (8 + a/f,)GG, so that
the effective value of #(a) is modified by the axion vacuum
expectation value (VEV). Nonperturbative QCD effects

explicitly break U (I)PQ and generate a periodic potential

for the axion that is minimized at 6 + a/f, = 0, thus setting
the effective C P-violating phase to zero in the vacuum of the

axion model, (8(a)) = 0 + (a)/f, = 0. Additional sources
of U(1)pq violation can shift the minimum of the axion

potential to a nonzero value of (f(a)). To ensure a suffi-
ciently small 6] < 107, the U(1)p, global symmetry must
be nearly exact, broken only by QCD effects or by very high-
dimension irrelevant operators (often constrained to be
higher than dimension ten). This is referred to as the axion
quality problem. A handful of models are known to protect
U(1)pg to a sufficient degree without fine-tuning the
coupling constants, often as an “accident” of some other
structure in the ultraviolet theory [29-41].

B. Case I: Scalar leptoquark models

We start our analysis in a very simple SM extension,
a model of scalar leptoquarks (LQs). Recently these
models have been investigated extensively due to anoma-
lies in b — s/l transitions and the muon anomalous mag-
netic moment. We consider here the R, scalar LQ [42] that

Y (v - 2¢

ledg Yo" (Y3')"]

4 inmj nm (v—1\ ji ji (v—1\nm
:))0(114(1{1'(8)>(YZ (Ydl)J + lej (Yul) ) . (4)

carries SM gauge quantum numbers (3, 2, 7/6). Apart from
interactions among LQs and LQ-Higgs interactions that
conserve CP, there are potentially CP-violating inter-
actions between LQs and the SM fermions. We focus on
couplings between quarks and charged leptons given by

LY = Ry (agxpre L + O'xgeg) + He.,  (5)

where xg; 7z are 3 x 3 flavor matrices and /, J denote
SU(2) indices. The presence of two interactions coupling
to both left- and right-handed quarks and leptons leads to a
rich EDM phenomenology [43,44]. The LQ doublet
describes two states with charges (5/3)e and (2/3)e and
we consider a common mass for these states my, .

The relative phase in the LQ couplings lead to a
threshold correction to 6. That is, even if =0, it is
renormalized at one loop by phases in the x couplings.
Closing the lepton lines gives the following UV-divergent
contribution

- c A
Af = 32 ImTr(y, ' (xzLyex,z)] log (m—R) . (6)

where A is a momentum cutoff and ¢ is an order one
constant. We see the appearance of a second reparametri-
zation-invariant phase,

—argdety, —argdety, + argdetxy; + argdetx,g.
(7)

While this contribution is suppressed by the lepton
Yukawa, it can be enhanced by 1/y, for first-generation
quarks. The same couplings also give rise to a correction to
the electron mass

1, ., ¢ A
s~ it oe(-). @

R,

and on naturalness grounds we require Am, < m,. This
says, for example, that
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x4t X 1og(A/my,) < 107, (9)

However, it places essentially no constraint on first-
generation couplings.

The phenomenology of EDMs in leptoquark models
was discussed in detail in Refs. [43,44]. The LQ-fermion
interactions lead to dimension-six operators below the scale
of the LQ masses. Tree-level diagrams induce [45,46]

C?dml(l)
equ = -
L= /[(2 (LéeRb)el.](quRd)
Cfbalo)
equ = =
+ ;{2 (Lio*eg,)er(Qloug,), (10)
where
bed bed
;leqcu(l) - C;leqcu(3) o (xLR)bc(xRL)da 11
2 2 2 : (11)
A A 2my,

Note that closing the lepton lines into a loop, the
first operator contributes to the renormalization of @ in
SMEFT, cf. Eq. (4), which correctly matches the qualitative
structure of the correction in the full LQ model, Eq. (6). In
this model we have a direct correspondence between the
EFT and full theory computations of the correction to €. In
the other models we consider, the SMEFT estimates will be
conservative, with more important corrections to 6 arising
already at tree level in the UV theory. The second operator
also contributes to & but only at two-loop order. This is
reflected by the mixing of cfel’;f(l) and c;’eb;f@) at one-loop
order in QCD.

At the threshold of the top and charm quark, the four-
fermion operators induce dimension-seven CP-violating
lepton-gluon operators. We only consider the electron
interactions

Lo6 = Coori2irseG,G™ + Coi e G e,

(12)
where
2 1 Imcf:qf(l)
Cog=—=Cop = — (13)
3 = 24 A’m,

Electric dipole moments of quarks and leptons and
chromoelectric dipole moment of quarks are induced at
the one-loop level. Focusing on first-generation quarks and
leptons we define the operatorsl

'"The dipole operators can be related to the coefficients in
Eq. (4) For instance, d,, = (ev/2v/A*)Im(clL/d + cll,/g) and

d, = —(v2v/A)Im(c\L/g,). The electron EDM does not ap-
pear in Eq. (4) as it only renormalizes @ at the three-loop level.

d d
Ldipole = _78 éaﬂvi}/seFﬂu - 7u ﬁaﬂvinMFm/
d
— _9s2 Lot iy t“uGy,, (14)

where the one-loop expressions are given by

o= 3 g [l )] (75

g=u.c.t Ry 2
I I} 2
B 2m1 (xr)™ (xgL)" n;
i D D A R - )
7[ I=e.u,t Ry Ry
m ( )ul m2
- 1 XLR XRL ]
d, = 7 mi + 0| —-|.
m
I=eu,t Mg, Ry

(15)

In particular the electron EDM can get large contributions
from internal top quarks.

If we focus on LQ couplings for first-generation quarks and
leptons only, the largest contributions are to CP-odd four-
fermion operators while the dipole operators are loop sup-
pressed. For electron-top-LQ interactions this is no longer the
case, as the electron-gluon operators also arise at one loop and
the electron EDM is enhanced by m,/m,. The resulting EDM
phenomenology will be discussed in Sec. III.

C. Case II: The minimal supersymmetric
standard model

In the minimal supersymmetric standard model
(MSSM), the invariant strong CP phase is

9:6’+argdetyuyd+3argm_(~/+3argvuvd. (16)

It receives new tree-level contributions from the last two
terms. It also receives radiative corrections, for example,
from one-loop contributions to the quark masses or the
gluino mass that are sensitive to phases in the A terms and
the ¢ term [12]. Rather than studying the full set of one-
loop corrections to 6, we restrict our attention to those
contributions that are proportional to ay, as this is sufficient
to generate a nontrivial pattern of electric dipole moments.
At one-loop order in a;, the Yukawa couplings y,,
receive two types of corrections. The first type is propor-
tional to A, 4, and in a highly simplified limit the correction

to 0 is
- a

AD~ =
37 m?

soft

ImTry; ' (mjA,)] + (u < d).  (17)

Here we work in a flavor basis where the gluino-quark-
squark couplings are real and proportional to the identity in
flavor space, and for simplicity we take the limits where the
squarks are degenerate at mg,, the gluino has similar mass
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|mg|* ~ m2;,, and the A terms are treated in the insertion
approximation. We see that if the gluino mass is real, and in
the limit of exact proportionality A; o yy, the corrections
to 0 vanish. However, if we allow for deviations from
exact proportionality, A@ is in general nonzero because of
phases in the Yukawas, even if the gluino phase vanishes
at tree level. Furthermore, if we allow deviations from
exact degeneracy of the squark masses, the trace above will
include insertions of flavor-changing squark soft masses

52 .
5mff,, e.g.

- aS

(46),

ImTr[y;lmg (6m2)A,(6m2)] + (u < d).

(18)

This correction can shift @ even in the limit of exact A-term-
Yukawa proportionality.

A second contribution to the quark masses comes from
the p term in the superpotential, which induces cubic scalar
interactions £ D p*[iigy,ii, HY* + (d <> u)] + H.c. With
the HY ; > v,.4/v2 VEV insertion,

=1 6
187 Mot

Ud ij 1
Tyu P
2 Mot

where again we simplify the loop integrals by setting the
squark and gluino propagator masses to a universal mgy.

. a
Smil ~——p*m}

3z ’ (19)

An analogous expression for 5mi{ is found by applying
(u <> d) above. Each correction 8y, is strictly proportional

to y,, so the new contribution to 0 is

(A@)ﬂ ~ ImTr(y; '8y, + y7'6y4)

:—ﬁlm[(ﬂJrﬂ)” "219} (20)
T

Uy Va nr

Note that in the limit of large tanf = |v,/v,|, the
assumption 9y, < y, underpinning the Eq. (2) approxi-
mation can become invalid if utanfa,/z = O(my), so a
more careful analysis is required in that regime [47].

From the gluino mass correction, Af ~ 3 Im(m;'sm,),
with similar assumptions for the particle masses and
couplings, we obtain

- 3a, v2

2
v 167 m2

Im(m3 ' Tr(A,y0)) + (u < d). (21)

In each case, we see the appearance of additional phases
that can correct . The relevant reparametrization-invariant
phases can be read off directly from each of the corrections
(and in cases involving VEVs note that the soft supersym-
metry (SUSY)-breaking B term transforms like vjv7). If
there is a large hierarchy between the weak scale and the
SUSY-breaking scale, the correction to the gluino mass

phase can be suppressed below 107!0; however, this
suppression does not affect the correction to the quark
mass phases. To remove all the large sources of Af in the
MSSM, additional strong assumptions must be made. For
example, in soft supersymmetry breaking universality, the
Higgs VEVs and gaugino masses are taken to be real, and
the A terms are taken to be exactly proportional to the
Yukawa matrices.

In the MSSM with R-parity conservation, there are no
tree-level contributions to SMEFT operators, but the dipole
operators ¢, ,w..G.4p.aw.dc are induced at one loop. They
appear in Eq. (4); closing the gauge-boson loop corre-
sponds to a two-loop contribution to €. In the full model
there are larger, one-loop corrections to 6 from diagrams
with the gauge boson removed entirely, not to mention tree-
level contributions. So in this case the SMEFT estimate is
likely conservative. Nevertheless, it is convenient as a
diagnostic tool: the appearance of any dimension-six
operators appearing in Eq. (4), which can be verified by
low-energy experiments as discussed in detail below,
suggests large corrections to 6.

The quark EDMs and chromo-EDMs (CEDMs) (d,, and

d,, respectively) are defined as in Eq. (14)

d d
L= _?‘]qg/,wi},SqFlw _ gS2 q édﬂyi}’staqGﬂw

(22)
for ¢ = {u, d}. Complex phases in the gluino mass and in
the fermion-gluino interaction generate an EDM and
CEDM at one-loop order, proportional to «,. For the
EDM, the relevant diagram features a virtual gluino and
squark, ¢ = (§+ ¢') — ¢, with a photon coupled to the
virtual squark. Here the deviations from exact degeneracy
in the squark masses become important, so we will treat
them with a degree of generality, including off-diagonal
(mass)? couplings in the flavor basis. In the absence of any
generation-changing masses, the first-generation up and
down squarks (in the flavor basis) have mass matrices given
approximately by [48]

M? ~

u

M2Q + O(m%cos2B)  m, (A% — pcotf)
< my (A, — p* cotfp)  MZ + O(m7 cos2p) )

5 1 €
R Mg € 1+A ’ (23)

. <M2Q + O(m%cos2B)  my(A} — ptanp) )
~\ my(Ay = p* tan ) M3 + O(m3 cos 2p3)

d
1 €%
soft €, 1+Ad ( )

where the A, ; above refer to the (1,1) components of the
respective 3 x 3 matrices. Above, we parametrize the mass
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matrices with a real A, and complex ¢, for each g = u, d.
Ignoring the O(m%) diagonal entries, we take the (1,1) (i.e.,
left-left) components of the two matrices to be approx-
imately equal to m2 . ~ MZQ.

In the approximately degenerate limit assumed for the
squark masses in our calculation of the one-loop correc-
0 (1). Even with exactly degenerate
soft SUSY-breaking masses M2 = M3 = M3,

the O(m%) diagonal terms from electroweak symmetry
breaking introduce some degree of mass splitting. Absent
any fine cancellations between the electroweak correc-
tions and the soft masses, we anticipate a lower limit on
(cos2 fm%/m? ). The off-
diagonal €,, on the other hand, are suppressed by factors
of m,/myy, so we may assume || < |A] for the first-
generation quarks.

Following [47,48], the contribution from the gluino loop
diagram to the quark EDM d, is given by

soft

however,

d 2a |m| |m;|?
q —l(/)3) g9 Q~B< g9
q2j% q1 2 =q 2 )
T alj M‘?j Mq/_

(25)

where ¢3; = argmy is the phase of the gluino mass;
the U, diagonalize the mass matrices via U;M%Uq =
diag(M%h,M?b), with mass eigenvalues ng_; Q; is the

squark electric charge; and where

l—i—r—l—%lnr

B0 =—30=nr

B(1) :%. (26)

Expanding to linear order in e¢/A, we find (Uq)“ =
(U)p=1, and (U,);, =—(U,)5 =€*/A. Similarly,
the mass eigenvalues are M = zmsoﬁ( + O(e?)) and
M; ~mlg(1+ A4 O(?)). Spemahzmg to the |m3|~

goft case, we find
@ ~ -0 a e ’ sin (¢p3 — arge,) x F(A), (27)
e 4 471 Moy 4 ’
4 2
F(A) = 5 g A% = 3% = 64 4 6(1 + A) log(1 + A)]

(28)

In the limit of degenerate squark masses, A — 0, the
function F approaches a constant, F(0) = 2/9. Recalling
that the typical size of e is |e| ~m,/myy, the overall
contribution to the g =u, d dipole moment scales
as mq/ msoft

At one-loop order, the quark chromo-EDM is propor-
tional to the same Im(e#3e*) combination of phases, with

the same dependence on U; the only major difference is
the existence of a second type of diagram, where the
external gluon couples to the virtual gluino rather than
the squark, so that the gluino loop diagram induces a
CEDM of

ey
P 4ﬂmiﬁsm(¢3 arge,) x G(A), (29)
where
A) = 19A3 + 78A% + 48A
G(A) 18A4[9 + 78A~ 4+ 48

—6(1+A)(8+9A)log(1+A)]. (30)
Here we have again specialized to m} ~ mg in order to
express the result simply in terms of A. In the limit A — 0,
G(0) = 5/18 remains finite.

By turning on additional phases in the electroweak
chargino sector, the EDMs and CEDMs receive further
contributions, but as these are proportional to 92 or g’z,
they can be considered small compared to the «a, correc-
tions listed above unless the gluino phase is tuned so that
Im(e'?3€}) is small.

D. Case III: The P-symmetric minimal left-right
symmetric model

Left-right symmetric models have an extended gauge
symmetry SU(3),. x SU(2), x SU2)g X U(1)_; [49-51].
The left- and right-handed fermions are fundamental repre-
sentations of the SU(2) groups, and right-handed neutrinos
appear automatically. The minimal left-right symmetric
model (MLRSM) includes a minimal scalar sector contain-
ing one scalar bidoublet and two triplets [52]. Vacuum
expectation values of these scalar fields then break the
extended gauge symmetry to the SM group at some high-
energy scale. This leads to massive right-handed electroweak
gauge and scalar bosons with masses above a few TeV to
avoid phenomenological constraints. Full details of the
model can be found in many places in the literature, see,
e.g., [49-51,53,54].

Left-right models can have an exact symmetry between
left- and right-handed fermions at high scales. One way of
doing so is by considering a generalized parity (P)
symmetry. In the case of exact P symmetry the QCD 6
term is explicitly forbidden in the microscopic theory.
However, there is an explicit CP-violating phase ¢, in the
Higgs potential,

ay{e®[Tr(pd")Tr(ArAL) + Tr(¢' ) Tr(ALA])] + H.e.}.
(31)

Here ¢ is the Higgs bidoublet and A; p are Higgs triplets.
0, is responsible for spontaneous CP violation in the Higgs
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bidoublet, (®) = diag(v;, ¢"*v,), with sin(a) « sin(5,)
[55,56]. Thus the quark mass matrices, and 0, obtain a
tree-level phase of order &,, unsuppressed by any ratio of
scales.

In left-right symmetric model, CP-odd flavor-diagonal
operators are induced already at tree level. They arise from
the exchange of heavy Wy and scalar fields. The contri-
butions from the latter lead to four-fermion operators that
scale with SM Yukawa couplings and are thus suppressed
for light fermions most relevant for EDMs. In addition, to
avoid producing too large flavor-changing neutral currents
the scalar fields must be relatively heavy whereas the Wy
boson could be lighter. We therefore focus on contributions
from the tree-level exchange of Wy bosons. The tree-level
matching leads to a single SMEFT operator right below the
mass of the Wy boson (see Ref. [54] for a derivation)

CZud Pt —1 J
Lo MiRSM = A2 @ D, piigytdy +H.e.,  (32)

where

ij 2 i
CHud gg &e
= Voo (33)
2 2 2 VR.ij
A iy 1+&

in terms of a gauge coupling gr = g, the mass of the right-
handed gauge boson my, and the parameter £ related to the
ratio of VEVs appearing in the model. In this section, we
set Vr = Vcxm Which is a leading-order expression in the
limit &sina — 0 [57]. Corrections can be systematically
included but do not change the qualitative conclusions.

|

The dimension-six operator CZM 4 appears in Eq. (4) and
thus indicates a renormalization of 6 at the matching scale.
In this case, the EFT argument is conservative as the
renormalization already appears at tree level. Nonetheless
from a low-energy perspective the appearance of ¢},
signifies the need to account for the large € term.

Below the electroweak scale, after integrating out the
electroweak gauge bosons, we obtain four-quark operators

2
Ler ==Y (CarrOui + Car (OlR)).  (34)
a=1

where

O?LI’; = c_i’”y”PLulﬁ"yﬂPRdj,
OYs = dity" Prubitiyy, Py, (35)

and a and g are color indices. At the electroweak scale we
have

.. V* cij ..
Cltmtmy) =~ Clmy) = 0. (36)
The CP-odd four-quark operators depend on the same
phase as the induced correction to 6.

We focus on operators involving just up, down, and
strange quarks and find four relevant operators

Lgpy = —i(ImCYP4edy# Py uity, Prd + ImC434d ,y* P ugiigy, Prd,

+ ImCY45y# Py uity, Prs + InCL%5y* Py ugitgy, Prs, — H.c.), (37)

where the second operator is induced through QCD renormalization-group evolution [58,59]

CiLr(3 GeV) = 0.9 Clijg (my),

III. EDM PHENOMENOLOGY

A. CP-violating hadronic couplings

As discussed above, models with CP-violating
couplings to the strong sector typically induce a large 6
term. For consistency with the neutron EDM the 6 term
must be relaxed further in the infrared, presumably by a
Peccei-Quinn mechanism. The pattern of higher-dimension
CP-violating operators generated alongside @ in each of the
models survives, producing distinctive patterns of electric

dipole moments at lower energies. We now turn to the

Cilm(3 GeV) = 0.4 C" (my) + 1.9 C1 (my,). (38)

I
estimation of these EDM observables, a somewhat com-
plicated task that involves hadronic, nuclear, atomic, and
molecular physics. In the spirit of effective field theories, it
is useful to perform the calculation in steps. We first discuss
what hadronic or semileptonic CP-violating operators are
generated from the various CP-violating operators at the
quark-gluon level. In principle, many hadronic interactions
are generated, but they can be organized in a systematic way
in chiral perturbation theory. In this section, we give the main
results and refer to Refs. [60,61] for more details.
Semileptonic operators.—We begin with the semilep-
tonic operators that describe CP-violating electron-quark
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and electron-gluon interactions. These operators are

induced in the leptoquark model, cf. Eqs. (10) and (12).
They further induce CP-odd electron-nucleon interactions

that, in turn, induce atomic and molecular EDMs. The
CP-violating electron-nucleon interactions take the
form [43]

\/5 my
— 4ec,,eN(CY + T3C(Tl>)U”S"N} N (39)

G _ a9, -
L=--L {aysezv(cf;’) + 30N + 2e L IN(CY) + 25¢0)) 50N

where N = (pn)T is the nonrelativistic nucleon doublet with mass my, velocity v#, and the spin S* [v* = (1,0) and
S$# = (0,6/2) in the nucleon rest frame]. The matching coefficients are given by

0 O,N 1)eeuu 167
Cg) — 1]2 mImCEeéu +T(mN — 0N _Us)CeG:|7
O 1 5mN (1)eeuu
CS =0 Em Imclequ ’
0 1 gamy 1eeuu g —my
Cp =828+ 8)mCoge - Cpl =0t BT I = $mlgumy L Cot
0 u 3)eeuu 1 u 3)eeuu
Cg,) =2 (9‘7{ + gT>ImC§et)]u , Cg“) = 02(9(71“ - gT)ImCEa)}u : (40)

in terms of the hadronic matrix elements [62—-65]

oy = (59.1 +3.5) MeV,
ga = 1.27 +0.002,

Hadronic operators.—More complicated are the purely
hadronic operators such as the quark (chromo-)EDMs and
four-quark operators. We begin with the analysis of quark
EDMs, which are induced in the LQ scenario as well as the
MSSM. Due to the explicit appearance of the electromag-
netic field strength, quark EDMs mainly induce hadronic
operators that contain explicit photons as well (operators
without photons are suppressed by o, /7). The most
important operators are the nucleon EDMs, related to the
quark EDMs by

d,(d,) = gtd, + gidy,
dp(dq) = g?"dd + gLYI"du’ (42)

where ¢4 =—0.213+£0.011 and g¢ = 0.820 & 0.029.
These so-called tensor charges are obtained from lattice-
QCD calculations [66] and have very small theoretical
uncertainties.

The quark chromo-EDMs also contribute to nucleon
EDM:s, but there are no lattice-QCD calculations available
at present. The neutron EDM was evaluated using QCD
sum rules [67,68] giving

o, = (41.17]3) MeV,
A, =0.842 £0.012,

Smy = (2.32+0.17) MeV,
Ay = —0.427 +0.013. (41)

dn(aq) - §n<4Qdad - Quau)v (43)

where g, = (1 +£0.5)0.55¢/0,. We express the proton
EDM through a quark model relation

dp (aq) = Epgn(_4nglu + Quad>7 (44)

so that d), and d,, depend on the same QCD matrix element
Jn- We use ¢, =1+0.2 to account for possible isospin
breaking. These relations are valid only under a Peccei-
Quinn mechanism, that is the expressions take into account
the contribution from the induced 6 term.

In addition to nucleon EDMs, the quark chromo-EDMs
also induce CP-violating pion-nucleon interactions. The
most important operators are given by

L = gyNt- 2N + ,NnsN (45)

in terms of the pion triplet z. These couplings were
evaluated with QCD sum rules as well but come with
rather large uncertainties [69]. Chiral perturbation theory
can be used to obtain some further insight in these matrix
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elements. Through a chiral transformation it can be
shown that the matrix elements connecting gy, to quark
chromo-EDMs are related to matrix elements connecting
meson and baryon mass corrections to CP-even quark
chromomagnetic dipole moments [70]. This by itself
does not help as the matrix elements of quark chromo-
magnetic dipole moments are also poorly known.
However, Ref. [71] argued that the unknown matrix
elements (called the “direct” contributions) are small
compared to so-called vacuum-alignment pieces that
are much better known. The argument uses a relation
between chromomagnetic matrix elements and twist-three
distributions that can be measured in deep inelastic
scattering processes. Using (sparse) data on the latter,
Ref. [71] found that the unknown direct pieces provide
only 10% corrections to the total matrix element.
Neglecting the direct pieces, we find the simple relations
that are valid in presence of a Peccei-Quinn mechanism,

1 - ~

do
(du + dd) r el

dime ’

QA

/=% 3,

gO( q (46)

2 .us

9 = (145 +0.16 £ 0.75) x 105 Im <V UT

- /5 ~ ~ 0N
g1 (dq) = 591 Z—Fﬂ (du - dd>r mn s (47)
where we defined the vacuum condensate ratio:
1(0|gg9,0,,G"¢q|0
L1 qu‘a,_t q >, (48)
2 (0|gql0)

which has the value r = (0.4 +0.05) GeV? [72-74].
Furthermore (démy/dme) =~ Smy/(me) = (2.49 +
0.17 MeV)/(me) [65,75], m = (m, +my)/2 = (3.37 £
0.08) MeV [76], and ¢ = (my; — m,)/(2m) = (0.37 +
0.03) [76]. We have added &, , = (1 +0.3) to account
for the theoretical uncertainties in these expressions.

We now turn to four-quark operators induced, for
example, in the MLRSM, cf. Egs. (33)—(37). We closely
follow Ref. [77] which connected the C P-odd pion-nucleon
couplings through chiral symmetry relations to K — zx
amplitudes for which lattice-QCD calculations exist. Put
together the relevant expressions are given by

c U2Cud
Hm’) +(2.85+£0.33 4+ 1.5) x 10~ Im <v;d HW),

AZ

2 .us
o = (0.08 £ 0.015 £ 0.04) x 105 Im(V;js %) . (49)

The contributions to the nucleon EDMs are not so well understood and have been calculated with several approaches, see,
e.g., Refs. [56,78]. We follow Ref. [77] and use the next-to-next-to-leading-order expressions for the chiral loops in

dimensional regularization [79]

I
ul

dy

p= o 2my
27

- 2

€gadi 90 mz my
+ — [ log—-

87°F, (§1 ( s wr omy )

where g4 ~ 1.27 is the nucleon axial charge, and x; = 3.7
and xy = —0.12 are related to the nucleon magnetic mo-
ments. We set u = my for the renormalization scale and
apply d, ,(u =my) = 0. To estimate the uncertainty of
this expression we vary the renormalization scale u
between my and mg in the loop expressions. All expres-
sions for the four-quark operators assume a Peccei-Quinn
mechanism and include corrections from the induced 6
term.

d, =d,(p)

B. The QCD 6 term

If a pattern of EDMs is observed that can be explained by
(small) @ term alone, it will not be possible to say whether it
is the result of an imperfect infrared relaxation of 6 or a
small radiative correction to a vanishing ultraviolet

- /- 2 2 2
egadr (9o my; wm, 1 ms ms
- = [ log— — - - —log— |,
n(/’l) 871'2F,, <£—]1 < g 2 ) +4_ (Kl KO) m2 g M2>

N
1 (2am, n 5 ot m2 o m2
-— —+x +k9 | —log— | |,
4\ my 2 ! 0 m%, g u?

(50)

boundary condition. This means we can only draw useful
conclusions about the strong CP problem if the observable
pattern of EDMs is distinguishable from that of a pure 0
term. Thus we must compare EDMs induced in the various
beyond the SM models discussed above, to those induced
by the 6 term alone.

Let us briefly discuss the hadronic couplings arising
from the @ term. Various lattice-QCD calculations of
nucleon EDMs have been reported [2,80-83], and the
most accurate result was given in Ref. [2]:

d,=—(15+0.7) x 1030 ¢ fm. (51)

Other recent lattice calculations found EDMs consistent
with zero and thus did not confirm these findings [82,83].
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Equation (51) is in agreement with estimates from QCD
sum rules and chiral perturbation theory. The proton EDM
was calculated on the lattice as well but the result has a
larger uncertainty. Instead we apply a relation d,, = —(1 &
0.5)d, which covers various estimates from the chiral
perturbation theory, QCD sum rules, and the lattice results.

The CP-odd pion-nucleon couplings are better under
control. Reference [84] found

go = —(14.7 £2.3) x 10736,
= (3.4 +£2.4) x 10730, (52)

through chiral symmetry relations between CP-odd pion-
nucleon interactions and quark-mass corrections to baryon
masses.

Finally, Ref. [85] noticed that a nonzero 6 term induced
CP-odd electron-nucleon 1nteract10ns through electromag-
netic loops. They obtained”

Cs=—(3+1.5) x 10720, (53)
where Cy is a linear combination of C(So) and Cgl) appearing

in Eq. (39). We will discuss this combination in more detail
in the next section.

C. EDMs of nuclei, atoms, and molecules

We are now in the position to calculate EDMs of various
systems. The nucleon EDMs have already been discussed
above so we turn to larger systems. We begin with para-
magnetic systems that are mainly sensitive to (semi)
leptonic CP-violating operators. The most stringent limits
are from polar molecules due to huge innermolecular
electric fields induced by relatively small external electric
fields. A nonzero electron EDM and/or electron-nucleon
interactions affect the frequency associated with the
response of paramagnetic polar molecules to such an
applied external field. The frequency w is given by

o =a,d, +acCs, (54)

where the coefficient Cg is given by
|

dyyg = (0.012 +0.012)d, — [(0.028 + 0.006)Cs —

1
5 (3.6%04) (cT +—

TABLE 1II. Input parameters for EDMs of paramagnetic
molecules.
Ay, ac,
ThO W (181.6 £7.3) x 107 mrad/s
ecm
HfF" w (32.0 + 1.3) x 107 mrad/s
BaF (19.720.75) mrad/s (12.7 £ 0.18) x 107 mrad/s
102" ecm
Z—-N 1)
Cs=cV +Z2——cli. 55
s= 0+ 2 G (55)

Here, Z and N are the proton and neutron numbers of the
heaviest atom of the molecule. The parameters a, and ac,
depend on the paramagnetic molecular system of interest.
As an example, Table IT presents the values of a,;, and ac,
in ThO, HfF", and BaF systems [86-93].

EDMs of nuclei are only sensitive to hadronic sources of
CP violation. So far no nuclear EDMs have been measured,
but there are plans to measure the EDMs of light nuclei in
storage rings [94]. Anticipating such measurements we
consider the deuteron EDM [95-97]

dp = (0.94 +0.01)(d, +d,) + [(0.18 + 0.02)g;]e fm.

(56)

Diamagnetic atomic EDMs are sensitive to nuclear CP
violation and electron-nucleon interactions. 22°Ra, due to
its octopole deformation, is mainly sensitive to CP-odd
nuclear forces that are, in turn, dominated by one-pion-
exchange processes involving gy ;. We use [98,99]

dra = (7.7 x 107) x [(2.5 £ 7.5)gy — (65 £ 40)g,]e fm.

(57)

The situation is more complicated for the diamagnetic atom
19Hg. This system gets relevant contributions from the
nucleon EDMs, the CP-violating nuclear force, the electron
EDM, and from CP-odd electron-nucleon interactions. We
write [98,100-103]

V4
¢ Cp>] x 1072 ¢ cm
SmyR

— (214 0.5) x 107#[(1.9 £ 0.1)d,, + (0.20 + 0.06)d,, + (0.13703,30 + 0.25* 085, )e fm], (58)

‘We expect that the same electromagnetic two-loop diagrams
discussed in Ref. [85] lead to contributions to Cp and C; of
similar size. However, these interactions mainly contribute to
diamagnetic systems where the CP violation is dominated by
purely hadronic interactions. As such, we do not include
corrections from 6 to Cp 7 in our analysis.

where R~ 12A'3 fm is the nuclear radius, and Cpr =
(Cor(Ga) + CERE,))/ (G + (5p)). with  Cyf) =
CA('—"T F CJ(D) For '"Hg we have [104]

(G,) = —0.3249+0.0515,  (5,) = 0.0031 +0.0118.

(59)
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The left (right) panel shows the correlation between wy¢r+ (wp,r) and o in a pure-d, scenario (green) and the LQ scenario

(red). The bands indicate the small uncertainty arising from hadronic and molecular matrix elements. The region between the vertical

dashed lines is allowed at 2o level.

IV. DISENTANGLING SOURCES OF CP
VIOLATION

In this section we discuss how EDM measurements of
various systems can be used to separate various CP-
violating BSM models and the SMEFT operators they
generate from a pure € scenario. The former, we have
argued, require an infrared relaxation of @. The latter,
however, is not necessarily indicative of a PQ mechanism,
since it could be the remnant of an imperfect UV solution,
for instance due to spontaneous breaking of P or CP. In
addition, as we will discuss, we also have to distinguish
scenarios where CP violation is dominated by dimension-
six operators that are not necessarily correlated with large
threshold corrections to 6. In the models we study the prime
example is an electron EDM, which does not appear
in Eq. (4).

A. Case 1: Scalar leptoquark models

We begin with the simple LQ scenario discussed in
Sec. II B and focus on couplings between first-generation
quarks and leptons. That is, we set x§% = x%¢ = ¢, where
a is some nonzero phase, and set the remaining couplings
to zero. In this simple case, the dominant CP-violating
dimension-six operators are quark-electron interactions,
while the electron EDM is one-loop suppressed, which
is not compensated by the slight enhancement by m,,/m,.
The quark EDMs and chromo-EDMs also appear only at
one loop and are further suppressed by a factor of m,/m,,.

This scenario precisely predicts ratios between EDMs of
paramagnetic systems [102,105]. This is illustrated in
Fig. 1 where the red bands in the left and right panels
illustrate the ratios wysp+/@ho and @/ ®ho, TESPEC-
tively. The error bands are small as both the hadronic matrix
elements connecting electron-quark to electron-nucleon
couplings as well as the molecular theory is well under
control. The contributions from the electron EDM are very

small and appear at the 10~* level. Therefore, we can apply
the present situation to a sole-source limit in which the
bound on Cy is obtained by assuming d, = 0. Taking the
current limit, |Cg| < 7.3 x 1071° (90% C.L.) [106], we
obtain mp, 2 1.9 x 10* TeV  when |x§ x4 |sina = 1,
illustrating the excellent sensitivity of EDM experiments
to new sources of CP violation.

It is possible to separate this scenario from one where the
dominant source of CP violation is the electron EDM. This
is, for instance, the case in a LQ model where x§, = x¥, =
e'® with the other couplings set to zero. In this case the
electron EDM in Eq. (15) is enhanced by m,/m, and
provides the dominant contribution to paramagnetic sys-
tems. The induced electron-gluon operators provide neg-
ligible contributions. In this case, the renormalization of 0
is not excessive, as expected from the EFT arguments of
Ref. [18], and thus a d,-dominated EDM pattern would not
necessarily point towards an IR solution of the strong CP
problem. A d,-dominated scenario like this leads to the
green bands in Fig. 1. Clearly, sufficiently precise mea-
surements of two paramagnetic systems can separate these
scenarios. The current upper limit on @wye+ [107] is a few
times weaker than that of wr,g [106], but in general if a
nonzero signal is found in one system, then the other one
should be around the corner. No measurements of wg,g
exist, but an experiment is in development [108].

With just paramagnetic systems it is not possible to
separate a pure-f scenario from the LQ scenario with
couplings to first-generation quarks. In both cases, the
paramagnetic observables are dominated by the Cy inter-
actions, and the ratios are therefore almost identical.
However, in this case the neutron and diamagnetic
EDMs provide a way out. In a pure- scenario such
EDMs are relatively large compared to paramagnetic
EDMs, whereas in the LQ scenario hadronic CP violation
is loop suppressed. We illustrate this in Fig. 2 where we
depict w0 versus d,,. The bands for the LQ and pure 6 are
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FIG. 2. Correlation between wyy,o and d,, in the LQ model (red)
and a pure-@ scenario (gray). The dashed lines correspond to
experimental bounds.

very distinct. For instance, if a next-generation ThO
measurement finds a nonzero value wy,o = 0.1 mrad/s,
then a pure @ scenario is already excluded as this would
predict d, ~3 x 107> ecm, which is well above the
existing limit d, < 1.8 x 10726 ecm [1], depicted by the
horizontal dashed line. For Hg similar statements hold but
here the hadronic and nuclear uncertainties make definite
statement more complicated.

In summary, the simple R, leptoquark model illustrates
the EFT arguments of [18]. A pattern of EDMs indicative of
higher-dimensional CP-odd operators that mix quadrati-
cally with @ is directly associated with large threshold
corrections to @ at the EFT matching scale. The large
threshold corrections must be relaxed in the infrared. The
leptoquark model also provides an example where para-
magnetic EDMs are dominated by a dimension-six oper-
ator, the electron EDM, that does not indicate large
corrections to . However, such scenarios can be separated
through precise measurements of at least two paramag-
netic EDMs.

B. Case II: The MSSM

Since we have focused on a limiting case of the MSSM
where the only phase is in the gluino mass, the EDM
phenomenology is dominated by quark EDMs and chromo-
EDMs. This implies that paramagnetic systems are not
particularly relevant for the discussion and we can focus on
nucleon, nuclear, and diamagnetic systems. While we have
expressed our results in terms of several MSSM parame-
ters, in all ratios of EDMs the dependence on my; and ¢
cancels and the only dependence is on the squark mass
splitting parametrized by A. This dependence is actually
mild for A < 1, where the functions F(A) and G(A) only
vary by about 35%, and the ratio of functions F(A)/G(A)
only varies by a factor of 2 for any A. We assume that
an O(1) splitting among the squarks is a reasonably gen-
eral region of parameter space and we take A =1 for

concreteness. Before we discuss ratios of EDMs we briefly
mention the reach of present EDM experiments. The
current dy, limit results in myq 2 20 TeV at ¢3 = 7/2,
taking central values for the hadronic and nuclear matrix
elements. The experimental bound on d, leads to the
somewhat weaker limit my 2 5.4 TeV but has smaller
uncertainties.

The neutron and proton EDMs are dominated by the
quark chromo-EDMs while the quark EDMs provide
roughly 20% corrections. The ratio of the neutron- and
proton-induced chromo-EDM contributions depends on
the ratio

d,(d,)
d,(d,)

(4Qda~d - QLtZiNM)
" (-4Q,4d, + 0,d,)

—¢ ~—0.78 x (1 £0.2),

(60)

where ¢, = 1+ 0.2 capture the uncertainty due to isospin
breaking. Unfortunately, for #-dominated EDMs,

d,(0)
d,(0)

fay

= —1x(1£0.5). (61)

Thus these ratios overlap within uncertainties, implying
that measurements of both nucleon EDMs cannot separate
a pure 6 scenario from our MSSM model. This is clearly
illustrated in the top-left panel of Fig. 3, where also EDM
contributions are included, where it can be seen that the
gray and red bands overlap entirely.

Nuclear and diamagnetic systems are much more prom-
ising, as in these cases the contribution from the CP-odd
nuclear force can break the degeneracy. For instance, in the
deuteron EDM the contributions from d,, + d,, are small in

both the MSSM and the pure-@ scenario. However, the
contribution from CP-odd one-pion-exchange proportional
to g, is rather different in both models. g; is relatively
small for @, since the @ term is an isospin-conserving
interaction and the generation of g, is suppressed by the
small quark mass difference over the chiral-symmetry-
breaking scale A, ~1 GeV. In the MSSM however, the
isospin-breaking combination d, — d; induces §; directly.
As such |dp/d,| Z O(1) for the MSSM [54,109] whereas
|dp/d,| < O(1) for 6. This is reflected in the top-right
panel of Fig. 3 where, despite sizable hadronic uncertain-
ties, the gray and red bands do not overlap.

A deuteron EDM measurement would be ideal for our
goals as it is theoretically relatively clean. However, there
is no competitive measurement planned on short time-
scales, although plans exist for storage-ring experiments.
We therefore consider EDMs of diamagnetic atoms. We
begin with >°Ra, which is analogous to the deuteron EDM
as it is dominated by contributions from the isospin-
breaking CP-violating nuclear force proportional to ;.
Unfortunately, unlike for the deuteron EDM, the nuclear
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Correlation between various EDMs and the neutron EDM for a pure-é scenario (gray) and the MSSM (red). The bands indicate

the uncertainty in the ratios arising from hadronic and nuclear matrix elements.

uncertainties are sizable. This is reflected in the bottom-left
panel of Fig. 3 where the red and gray bands are wider than
was the case for the deuteron. Still, they may be separable.
On the other hand, an upper bound on the >>Ra EDM has
already been set: dg, < 1.2 x 1072 ecm, and a measure-
ment with sensitivity at the 1072% ecm level is foreseen
[110]. If such an experiment sees a signal, the MSSM
scenario would predict a somewhat larger neutron EDM
than in the pure @ scenario. Slight improvements of nuclear
matrix elements would reduce the width of the MSSM
bands and make the statements more definite.

Competitive measurements of dp, and dg, are still in the
future, and the most stringent limit is that on |dy,| <
6.3 x 1073° ecm [111]. Unfortunately, the nuclear uncer-
tainties are severe and make it hard to separate the MSSM
from the pure-6 scenario using dyyg- This is illustrated in the
bottom-right panel of Fig. 3 where the red and gray bands
overlap. Improved calculations of the nuclear matrix
elements would go along way in making the predictions
more robust. In any case, despite large uncertainties, the
pure-6 scenarios can be excluded if measurements fall
outside the gray bands. Such a result would be sufficient to
make the point.

C. Case III: The P-symmetric minimal
left-right-symmetric model

In the MLRSM the dominant contribution to EDMs
arises at tree level from the CP-violating four-quark
operators in Eq. (37). While most literature focuses on
the neutron EDM [56,78,79], nuclear and diamagnetic
atoms are actually larger due to the large contribution to
g1 and to lesser extent g in Eq. (49). It was already pointed
out in Refs. [54,60] that this leads to enhanced nuclear
EDMs, e.g., |dp| > |d,|, and that several measurements
can separate contributions from 6 and the four-quark
operators [54,112]. This can already be glimpsed from
the different sensitivities of d, and dy, to the left-right
symmetry-breaking scale. We set’ Esina ~my/m,, and
using central values of the hadronic and nuclear matrix
elements obtain my, % 126(18) TeV from dy, (d,).

We further illustrate this point in Fig. 4. The d,,/d,, ratio
is not well predicted in the MLRSM due to large uncer-
tainties from short-distance contributions not captured by

‘We require ¢ sina < my, /m; to account for the observed quark
masses [53].
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FIG. 4. Correlation between various EDMs and the neutron EDM for a pure-8 scenario (gray) and the MLRSM (red). The bands
indicate the uncertainty in the ratios arising from hadronic and nuclear matrix elements.

pion loops. In addition, the MLRSM and pure-@ ratio bands
for d,/d, overlap within uncertainties.

The story is completely different for larger systems. The
four-quark operators induced in the MLRSM lead to a
sizable CP-odd nuclear force arising from one-pion-
exchange diagrams proportional to g;. Both the hadronic
and nuclear matrix elements are well under control leading
to a ratio dp/d,, = O(50), which is very different from the
QCD 6 term that predicts much smaller values for the same
ratio. The same holds for the diamagnetic atom ?>>Ra, but in
this case the nuclear matrix elements are more uncertain,
leading to a broader band. Nevertheless, the ratio dg,/d,
are very distinct in the MLRSM with respect to the pure-6
scenario. In principle, this would hold for dy,/d, as
well were it not for the large nuclear uncertainties. As a
result, the MLRSM and € bands overlap for their dy,/d,
predictions.

Finally, let us discuss how a UV solution to the strong
CP problem would work in the P-symmetric MLRSM. The
tree-level correction to @ can be made small by picking a
sufficiently small value for the spontaneous phase a. In
essence this simply transfers the question of the origin of
the smallness of @ in the SM, to that of the smallness of a.

Nevertheless, some authors have argue this should be
considered as a type of solution [113]. In such a UV
solution, the CP-odd part of the dimension-six operator in
Eq. (32) scales with a as well and is suppressed by v*/v%
compared to the tree-level @ term. As such, the low-energy
EDM phenomenology is dominated by € [56]. This is
consistent with our assertion that only the presence of
dimension-six contributions to EDMs arising from oper-
ators in Eq. (4) can be used to infer that strong CP is solved
by infrared relaxation.

V. CONCLUSIONS

The strong CP problem has been getting worse by about
an order of magnitude every decade for the last 60 years
[114]. The main experimental probes are the neutron and
19Hg EDMs, which establish the severity of the problem,
and searches for axion dark matter. In this work, building
on Ref. [18], we have attempted to strengthen the argument
that a diverse portfolio of hadronic EDM measurements
could provide valuable data on the mechanism that
addresses strong CP. The basic observation is that it is
unnatural to have both new, observably large sources of
hadronic CP violation, and an ultraviolet solution to strong
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CP. If a pattern of hadronic EDMs is observed that is
inconsistent with a small value of @ alone, infrared
relaxation by an axion becomes the most natural solution.
At the same time, if a Peccei-Quinn mechanism addresses
strong CP, there is no particular reason for BSM physics to
preserve CP to high accuracy.

We have surveyed a handful of BSM models to illustrate
this effective field theory argument in detail: when there
are large phases, there is a large threshold correction to
that requires infrared relaxation, and it is correlated with
distinctive patterns of hadronic, diamagnetic, and para-
magnetic EDMs. These observations motivate targets for
future EDM measurements of various systems. In particu-
lar, EDM measurements of light nuclei would be very
welcome, as the nuclear theory is under good control and
the EDMs are not suppressed by Schiff screening. In
addition, a rich experimental program is possible with
EDMs and magnetic quadrupole moments of radioactive
molecules [115] to further constrain hadronic CP violation.
To make the most of existing and future experiments,
hadronic and nuclear theory must be improved. Lattice
QCD calculations are underway that connect dimension-six

operators, such as the quark chromo-EDM, to nucleon
EDMs [116,117] but still have a long way to go. Improved
nuclear structure calculations of, for example, '“Hg and
22Ra EDMs would be very beneficial in connecting
observed patterns of EDMs to ultraviolet physics and the
nature of the solution to the strong CP problem.
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