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straightforward, textbook approach is to use chiral per-
turbation theory (ω-PT), which returns the estimate (see,
e.g., [3, 4, 40])

dn|
ωPT → 3 ↑ 10→16ε̄ e · cm , (4)

though within ω-PT it is di!cult to estimate the uncer-
tainties on this prediction. A more precise calculation
may be done using QCD sum rules [41], yielding

dn|QCD sum rule → 2.4(7) ↑ 10→16ε̄ e · cm . (5)

The ε̄ dependence of the neutron EDM has also recently
been computed on the lattice, with the most recent esti-
mate [42]

dn|lattice QCD → 1.48(14)(31) ↑ 10→16ε̄ e · cm , (6)

with the uncertainties statistical and systematic, respec-
tively. The best measurements of dn set the bound [1, 43–
45]

|dn| ↭ 1.8 ↑ 10→26 e · cm , (7)

at 90% confidence, which constraints |ε̄| ↭ 10→10.
Thus, it is clear that ε̄ ↓ 0 to very good accuracy in

nature. On the other hand, why should this be the case,
given that the SM violates P and CP? This is the Strong
CP problem. Of course, it is not so much a problem as
a hint of possible new dynamics. In the next section we
address recent claims [35–38] that discrete symmetries
in the UV cannot be used as a mechanism to explain to
ε̄ ↓ 0. Following this discussion, in Sec. V we address the
even more provocative claims that dn is actually zero in
the SM for any ε̄, in contrast with the calculation results
quoted in (4), (5), and (6).

III. SYMMETRY SOLUTIONS TO THE
STRONG CP PROBLEM

In the previous section we argue that ε̄ and ε, the pa-
rameter characterizing the superselection sector of the
theory, always show up in the combination ε̄+ ε, so that
we may absorb ε into the definition of ε̄. While this is
the standard story, Refs. [35–38] claim that P or CP can
in principle be used to remove the ε̄ term from the La-
grangian, since this term is odd under P/CP , but cannot
be used to remove ε. Let us now discuss why their in-
terpretation is overly simplistic. First, however, we must
define what we mean by a discrete symmetry. We give
three definitions, following from the usual description of
symmetries in quantum field theory:

1. A classical, discrete, global symmetry—this is a
symmetry of the classical equations of motion.

2. A quantum, discrete, global symmetry—this is a
non-anomalous symmetry of all quantum correla-
tion functions.

3. A gauged discrete symmetry—this is a local identi-
fication of configurations related by the symmetry
action.

The requirement that P/CP is the first type of symme-
try, that is a classical one, is clearly not su!cient to solve
the Strong CP Problem, since the terms involving ε and
ε̄ in the partition function do not enter into the classical
equations of motion.2 That is, even at ε + ε̄ ↔= 0, one
would conclude that P is a classical symmetry. How-
ever, expectation values of operators would not obey P
because in this case P is anomalous. That is, the vac-
uum expectation value of parity odd operators would not
need to vanish in this case. Here, we define an anomalous
symmetry to be a symmetry of the classical equations of
motion that is broken by quantum e”ects; this is, a sym-
metry of the classical but not quantum theory.
Now, let us suppose that P is a non-anomalous global

symmetry (option 2 above). We claim that this is only
possible if ε + ε̄ = 0 or ϑ. For P to be an exact symme-
try of the quantum theory, the partition function should
be invariant under orientation reversals of the underlying
manifold. Under such an orientation reversal, the instan-
ton number ϖ changes sign: ϖ ↗ ↘ϖ. Since the instanton
number enters into the partition function as ei(ε+ε̄)ϑ , for
the theory to be invariant under orientation reversals we
need ei(ε+ε̄)ϑ = e→i(ε+ε̄)ϑ . Equivalently, e2i(ε+ε̄)ϑ = 1,
which implies that ε + ε̄ = 0 or ϑ, since ϖ is an integer.
Let us introduce a Z2-valued classical background field

a that is a function of spacetime that implements lo-
cal orientation reversals.3 A theory with global, non-
anomalous P symmetry should be well defined in the
presence of a non-trivial background for a. A configu-
ration for a may be specified by the co-dimension 1 sur-
faces across which the orientation changes (see, e.g., [46]);
we refer to these co-dimensional 1 surfaces as parity do-
main walls. Note that the parity domain walls, as we
define them, are not physical objects if parity is an ex-
act symmetry; if parity is spontaneously broken these

2 Note that throughout the rest of this section we discuss P for
simplicity and not CP , since we focus purely on the gluon sector
without fermions in this section. We comment specifically on CP
later in this work, though the general statements of this section
apply to both P and CP symmetry solutions.

3 To be more precise, we can introduce a background gauge field
as a holonomy, i.e., a map W : C → Z2 between closed loops C
in spacetime and the Z2, such that a particle traversing C will
return to the starting point with the same (opposite) handedness
if W (C) = 1 (W (C) = ↑1). Alternatively, for a manifold covered
by charts Ui, each with a choice of coordinates xω

i , we can define
a background field as the transition function between overlaps

ai→j = sign det

(
εxω

j

εxµ
i

)
↓ Z2. This means that ai→j = 1 on

overlaps between charts which have the same orientation and ↑1
where the orientations di!er. For a non-orientable manifold such
as a Möbius strip or a Klein bottle, any choice of charts will have
some overlap with ai→j = ↑1. This is related to the definition
in terms of holonomies because for any closed loop C, W (C) can
be defined as the product of the ai→j over all chart overlaps
intersecting C.
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arg detYu,d ⇠ 1but weak CP violation requires:





Axion searches 

<latexit sha1_base64="/cizV02QjByYiyd2Bmlzt0MqI0k=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi1WXRhS4r2AckIUymk3bozCTMTIQQ6q+4caGIWz/EnX/jtM1CW8/lwuGce5k7J0oZVdpxvq3K2vrG5lZ1u7azu7d/YB8e9VSSSUy6OGGJHERIEUYF6WqqGRmkkiAeMdKPJjczv/9IpKKJeNB5SgKORoLGFCNtpNCuxyGChS859E15t6QXTEO74TSdOeAqcUvSACU6of3lDxOccSI0Zkgpz3VSHRRIaooZmdb8TJEU4QkaEc9QgThRQTE/fgpPjTKEcSJNCw3n6u+NAnGlch6ZSY70WC17M/E/z8t0fBUUVKSZJgIvHoozBnUCZ0nAIZUEa5YbgrCk5laIx0girE1eNROCu/zlVdI7b7qtZuv+otG+LuOogmNwAs6ACy5BG9yBDugCDHLwDF7Bm/VkvVjv1sditGKVO3XwB9bnDwh4k78=</latexit>

fa [GeV]

<latexit sha1_base64="9e0fhM2u3e1qw/5DV9lmZshl1GA=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9kVafVW9OKxgv2Adi3ZNNuGJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHbR0litAWiXikugHWlDNJW4YZTruxolgEnHaCyW3md56o0iySD2YaU1/gkWQhI9hkkuc+Xg/KFbfqzoFWiZeTCuRoDspf/WFEEkGlIRxr3fPc2PgpVoYRTmelfqJpjMkEj2jPUokF1X46v3WGzqwyRGGkbEmD5urviRQLracisJ0Cm7Fe9jLxP6+XmPDKT5mME0MlWSwKE45MhLLH0ZApSgyfWoKJYvZWRMZYYWJsPCUbgrf88ippX1S9WrV2f1lp3ORxFOEETuEcPKhDA+6gCS0gMIZneIU3RzgvzrvzsWgtOPnMMfyB8/kDG+yNpQ==</latexit>

109
<latexit sha1_base64="KS2lyB86m1ZM22IyzsqUvogGB78=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWMF+wFtLJvtpl262YTdiVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94CThfkSHSoSCUbRS23MfM6867ZfKbsWdg6wSLydlyNHol756g5ilEVfIJDWm67kJ+hnVKJjk02IvNTyhbEyHvGupohE3fjY/d0rOrTIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms9/JQGjOUE4soUwLeythI6opQ5tQ0YbgLb+8SlrViler1O4vy/WbPI4CnMIZXIAHV1CHO2hAExiM4Rle4c1JnBfn3flYtK45+cwJ/IHz+QNGmI7l</latexit>
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Example: flavor from RH wave functions
<latexit sha1_base64="fUYTALjaOCy9R9sgU0ZCIFCpBng="></latexit>

K = Q†Q+ U†U +D† V †
d

1

m̂2
d

Vd D

<latexit sha1_base64="w9Vv9yGCiQ+uP16kV4ltxVUESGw="></latexit>

W = Qm̂uUHu +Q 11DHd

<latexit sha1_base64="TaR7c47+eynI67kmDIerEIsrSq4="></latexit>

W = Qm̂uUHu +QV
†
d m̂dDHd

<latexit sha1_base64="zqKb5+AYe2Je0B3ZdBGmiZoje4c="></latexit>

K = Q†Q+ U†U +D†D

before rescaling:   

after rescaling:   

<latexit sha1_base64="SBhG/t/BJAUWEshXg7BRTRsUs6M=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU0mKxPYgFHsRRKhg00IbwmazaZduNnF3Uyihv8OLB0W8+mO8+W/ctBVU9MHA470ZZub5CaNSmeaHUVhZXVvfKG6WtrZ3dvfK+weOjFOBSQfHLBY9H0nCKCcdRRUjvUQQFPmMdP1xK/e7EyIkjfmdmibEjdCQ05BipLTkOl7Wur6ZwQvoeIFXrphVU8O2YU6sumlp0mjUa7UGtOaWaVbAEm2v/D4IYpxGhCvMkJR9y0yUmyGhKGZkVhqkkiQIj9GQ9DXlKCLSzeZHz+CJVgIYxkIXV3Cufp/IUCTlNPJ1Z4TUSP72cvEvr5+qsO5mlCepIhwvFoUpgyqGeQIwoIJgxaaaICyovhXiERIIK51TSYfw9Sn8nzi1qmVX7duzSvNyGUcRHIFjcAoscA6a4Aq0QQdgcA8ewBN4NibGo/FivC5aC8Zy5hD8gPH2CZ36kWI=</latexit>

VCKM = Vd

<latexit sha1_base64="lXaKfRYVj2ANZEGU3b5qq2SZWXY="></latexit>

✓ = �arg det m̂u � arg detV †
d m̂d = 0



Strong CP SUSY Solution Schematic
CP+SUSY good symmetries    =>        =0, Yukawa’s real

spontaneous CP breaking, integrate out CP violating “sector”

SUSY breaking communicated   =>  soft masses real

<latexit sha1_base64="fupSLAKtgkcQk9j0isov3t3KX4w=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8lWyRtb0VvXisYD+gXUo2zbax2eySzApl6X/w4kERr/4fb/4bs20FFX0w8Hhvhpl5QSKFAUI+nJXVtfWNzcJWcXtnd2+/dHDYNnGqGW+xWMa6G1DDpVC8BQIk7yaa0yiQvBNMrnK/c8+1EbG6hWnC/YiOlAgFo2Cldh/GHOigVCYVYuF5OCdujbiW1Ou1arWO3blFSBkt0RyU3vvDmKURV8AkNabnkgT8jGoQTPJZsZ8anlA2oSPes1TRiBs/m187w6dWGeIw1rYU4Ln6fSKjkTHTKLCdEYWx+e3l4l9eL4Ww5mdCJSlwxRaLwlRiiHH+Oh4KzRnIqSWUaWFvxWxMNWVgAyraEL4+xf+TdrXiehXv5rzcuFzGUUDH6ASdIRddoAa6Rk3UQgzdoQf0hJ6d2Hl0XpzXReuKs5w5Qj/gvH0C/s6PcA==</latexit>

✓

CP violation feeds into              but not into 
<latexit sha1_base64="R+WA4BgXCwYVpW9W9Bp+PQ7pEpQ=">AAAB7nicdVBNS8NAEJ3Ur1q/qh69LBbBg5SkSGxvRS8eK9gPaUPZbDbt0s0m7G6EEvojvHhQxKu/x5v/xk1bQUUfDDzem2Fmnp9wprRtf1iFldW19Y3iZmlre2d3r7x/0FFxKgltk5jHsudjRTkTtK2Z5rSXSIojn9OuP7nK/e49lYrF4lZPE+pFeCRYyAjWRureDbP0LJgNyxW7ahu4LsqJU7cdQxqNeq3WQM7csu0KLNEalt8HQUzSiApNOFaq79iJ9jIsNSOczkqDVNEEkwke0b6hAkdUedn83Bk6MUqAwliaEhrN1e8TGY6Umka+6YywHqvfXi7+5fVTHda9jIkk1VSQxaIw5UjHKP8dBUxSovnUEEwkM7ciMsYSE20SKpkQvj5F/5NOreq4VffmvNK8XMZRhCM4hlNw4AKacA0taAOBCTzAEzxbifVovVivi9aCtZw5hB+w3j4Biz2PvQ==</latexit>

Yu,d

<latexit sha1_base64="1sjEimYE9j0yNxFjvTfV7lDw/Zc="></latexit>

✓ = ✓ � arg detYu,d

guaranteed to work if communicated by loops!

MSSM with:   
<latexit sha1_base64="h4UcqY5Gsrc5V2pcL/7ctCsID9g=">AAACAnicdVDLSgMxFM34rPU16krcBIvgqmSKjO2u6MZlBfuAzlAyadqGZh4kd4QyFDf+ihsXirj1K9z5N2baCip6IHA45x5u7gkSKTQQ8mEtLa+srq0XNoqbW9s7u/befkvHqWK8yWIZq05ANZci4k0QIHknUZyGgeTtYHyZ++1brrSIoxuYJNwP6TASA8EoGKlnH3qxsfN05sGIA51iT4sQE9yzS6RMDFwX58SpEseQWq1aqdSwM7MIKaEFGj373evHLA15BExSrbsOScDPqALBJJ8WvVTzhLIxHfKuoRENufaz2QlTfGKUPh7EyrwI8Ez9nshoqPUkDMxkSGGkf3u5+JfXTWFQ9TMRJSnwiM0XDVKJIcZ5H7gvFGcgJ4ZQpoT5K2YjqigD01rRlPB1Kf6ftCplxy2712el+sWijgI6QsfoFDnoHNXRFWqgJmLoDj2gJ/Rs3VuP1ov1Oh9dshaZA/QD1tsnK4GXTA==</latexit>

✓ ⇠ 0
<latexit sha1_base64="3cssFJU0w35r7q14NTXXwUahc1c=">AAAB+nicdVDLSsNAFJ3UV62vVJduBotQNyUpEtuFUOxGELGCfUAbwmQ6bYdOJmFmopTYT3HjQhG3fok7/8ZJW0FFD1w4nHMv997jR4xKZVkfRmZpeWV1Lbue29jc2t4x87stGcYCkyYOWSg6PpKEUU6aiipGOpEgKPAZafvjeuq3b4mQNOQ3ahIRN0BDTgcUI6Ulz8z3ohH1kvrF5RSewquifeSZBatkaTgOTIldsWxNqtVKuVyF9syyrAJYoOGZ771+iOOAcIUZkrJrW5FyEyQUxYxMc71YkgjhMRqSrqYcBUS6yez0KTzUSh8OQqGLKzhTv08kKJByEvi6M0BqJH97qfiX143VoOImlEexIhzPFw1iBlUI0xxgnwqCFZtogrCg+laIR0ggrHRaOR3C16fwf9Iql2yn5FwfF2pniziyYB8cgCKwwQmogXPQAE2AwR14AE/g2bg3Ho0X43XemjEWM3vgB4y3T0Lxkro=</latexit>

�CKM = O(1)




















