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We construct a theory in which the solution to the strong CP problem is an emergent property
of the background of the dark matter in the Universe. The role of the axion degree of freedom is
played by multi-body collective excitations similar to spin-waves in the medium of the dark matter
of the Galactic halo. The dark matter is a vector particle whose low energy interactions with the
Standard Model take the form of its spin density coupled to G eG, which induces a potential on the
average spin density inducing it to compensate ✓, e↵ectively removing CP violation in the strong
sector in regions of the Universe with su�cient dark matter density. We discuss the viable parameter
space, finding that light dark matter masses within a few orders of magnitude of the fuzzy limit are
preferred, and discuss the associated signals with this type of solution to the strong CP problem.

I. INTRODUCTION

The theory of the strong interactions is well estab-
lished as Quantum Chromodynamics, based on an SU(3)c
gauge symmetry with vector-like quarks in the funda-
mental representation. A wealth of observational data
ranging from high energies where the theory is described
as weakly coupled quarks and gluons down to low ener-
gies where they are confined into color-neutral hadrons
has established QCD as an integral building block of the
Standard Model (SM).

Despite this unquestionable success, the structure of
QCD contains a deep mystery: the symmetries of the
theory admit a dimension four interaction term for the
gluons which violates CP:

↵s

8⇡
✓ G

µ⌫
a

eGa
µ⌫ (1)

where ✓ ⌘ ✓+Arg Det Mq is the basis-independent quan-
tity characterizing the physical combination of the strong
phase ✓ and a phase in the quark Yukawa interactions.
Null searches for an electric dipole moment of the neutron
[1] require ✓ . 10�10, in contrast to the naive expecta-
tion that it be order 1. While it is possible that such a
tiny value is simply one of the parameters that Nature
has handed us, the extraordinarily minute experimental
limit is suggestive that we explore physical explanations.

The most popular explanation invokes a fundamental
axion field [2–7], arising as the pseudo-Nambu Goldstone
boson of a spontaneous broken U(1)PQ symmetry [8, 9]
resulting in a coupling of the form

a(x)

fa
G

µ⌫
a

eGa
µ⌫ . (2)

At low scales, non-perturbative QCD dynamics in-
duce a potential which is schematically of the form
�⇤4 cos

�
a/fa � ✓

�
, inducing a vacuum expectation value

for a which e↵ectively cancels the net coe�cient of the
CP-violating term. There is a vibrant experimental pro-
gram underway to search for axions in various ranges of
mass [10].

In this article, we propose a new class of solution to
the strong CP problem. We consider a theory in which

FIG. 1. Representative Feynman diagram indicating how in-
tegrating out SU(3)c-charged fermions can generate an inter-
action between the dark matter and gluons.

there is no fundamental axion field, but in which the dark
matter, necessary to explain cosmological observations,
is composed of light vector particles which couple to the
gluons in such a way that the net local spin density acts
in some ways like an emergent degree of freedom which
cancels ✓. The axion can be understood as an emergent
phenomenon, similar in character to the spin-wave exci-
tations observed in condensed matter systems.

II. DARK MATTER

The dark matter is assumed to be a massive vector Aµ

described by the free Lagrangian,

L = �
1

4
Fµ⌫F

µ⌫ +
1

2
m

2
AµA

µ (3)

where Fµ⌫ ⌘ @µA⌫ � @⌫Aµ is the usual field strength
tensor, and m can be understood as either a Stückelberg
mass or as arising from a dark Higgs sector. We intro-
duce an interaction between the dark matter and the SM
gluons through operators of the form,

↵s

16⇡

1

M
(6+2n)
⇤

S
µ⌫⇢

Sµ⌫⇢ (A
↵
A↵)

n
G

a
��

eG��
a (4)

where

S
µ⌫⇢[A] ⌘ F

µ⌫
A

⇢
� F

µ⇢
A

⌫ (5)
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An Emergent Solution?

• I’d like to explore a different type of approach.


• Rather than the usual particle physics approach of introducing 
new fields with new dynamics which modify the properties of the 
vacuum, I have in mind emergent physics from the non-vacuum 
state we live in.


• This is kind of like a condensed matter solution to a problem.


• In this case, I imagine that the dark matter spin cancels theta bar.  
There is no fundamental axion field, though there is a spin-wave 
excitation of the DM medium that is axion-like.



• Spin -1 ultra-light boson (more on that later…)


• Couples to gluons:


• Other operators involving spin could work.


• M* ~ TeV (monojets)

Dark Matter
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Strong CP
• The dark matter in the Galaxy feels a gravitational potential which 

tells it how to clump and how to move.  It doesn’t care what the 
spin does.


• It feels an additional potential from QCD:


• This additional potential can be minimized by choosing the net 
polarization density of the field appropriately such that S2 cancels 
theta bar.


• The spin density S2 is bounded by the number density n2.

UCI-HEP-TR-2019-11

An Emergent Solution to the Strong CP Problem

Jason Arakawa, Arvind Rajaraman, and Tim M.P. Tait
Department of Physics and Astronomy, University of California, Irvine, CA 92697-4575 USA

(Dated: July 27, 2019)

We construct a theory in which the solution to the strong CP problem is an emergent property
of the background of the dark matter in the Universe. The role of the axion degree of freedom is
played by multi-body collective excitations similar to spin-waves in the medium of the dark matter
of the Galactic halo. The dark matter is a vector particle whose low energy interactions with the
Standard Model take the form of its spin density coupled to G eG, which induces a potential on the
average spin density inducing it to compensate ✓, e↵ectively removing CP violation in the strong
sector in regions of the Universe with su�cient dark matter density. We discuss the viable parameter
space, finding that light dark matter masses within a few orders of magnitude of the fuzzy limit are
preferred, and discuss the associated signals with this type of solution to the strong CP problem.

I. INTRODUCTION

The theory of the strong interactions is well estab-
lished as Quantum Chromodynamics, based on an SU(3)c
gauge symmetry with vector-like quarks in the funda-
mental representation. A wealth of observational data
ranging from high energies where the theory is described
as weakly coupled quarks and gluons down to low ener-
gies where they are confined into color-neutral hadrons
has established QCD as an integral building block of the
Standard Model (SM).

Despite this unquestionable success, the structure of
QCD contains a deep mystery: the symmetries of the
theory admit a dimension four interaction term for the
gluons which violates CP:

↵s

8⇡
✓ G

µ⌫
a

eGa
µ⌫ (1)

where ✓ ⌘ ✓+Arg Det Mq is the basis-independent quan-
tity characterizing the physical combination of the strong
phase ✓ and a phase in the quark Yukawa interactions.
Null searches for an electric dipole moment of the neutron
[1] require ✓ . 10�10, in contrast to the naive expecta-
tion that it be order 1. While it is possible that such a
tiny value is simply one of the parameters that Nature
has handed us, the extraordinarily minute experimental
limit is suggestive that we explore physical explanations.

The most popular explanation invokes a fundamental
axion field [2–7], arising as the pseudo-Nambu Goldstone
boson of a spontaneous broken U(1)PQ symmetry [8, 9]
resulting in a coupling of the form

a(x)

fa
G

µ⌫
a

eGa
µ⌫ . (2)

At low scales, non-perturbative QCD dynamics in-
duce a potential which is schematically of the form
�⇤4 cos

�
a/fa � ✓

�
, inducing a vacuum expectation value

for a which e↵ectively cancels the net coe�cient of the
CP-violating term. There is a vibrant experimental pro-
gram underway to search for axions in various ranges of
mass [10].

In this article, we propose a new class of solution to
the strong CP problem. We consider a theory in which

FIG. 1. Representative Feynman diagram indicating how in-
tegrating out SU(3)c-charged fermions can generate an inter-
action between the dark matter and gluons.

there is no fundamental axion field, but in which the dark
matter, necessary to explain cosmological observations,
is composed of light vector particles which couple to the
gluons in such a way that the net local spin density acts
in some ways like an emergent degree of freedom which
cancels ✓. The axion can be understood as an emergent
phenomenon, similar in character to the spin-wave exci-
tations observed in condensed matter systems.

II. DARK MATTER

The dark matter is assumed to be a massive vector Aµ

described by the free Lagrangian,

L = �
1

4
Fµ⌫F

µ⌫ +
1

2
m

2
AµA

µ (3)

where Fµ⌫ ⌘ @µA⌫ � @⌫Aµ is the usual field strength
tensor, and m can be understood as either a Stückelberg
mass or as arising from a dark Higgs sector. We intro-
duce an interaction between the dark matter and the SM
gluons through operators of the form,

↵s

16⇡

1

M
(6+2n)
⇤

S
µ⌫⇢

Sµ⌫⇢ (A
↵
A↵)

n
G

a
��

eG��
a (4)

where

S
µ⌫⇢[A] ⌘ F

µ⌫
A

⇢
� F

µ⇢
A

⌫ (5)

2

is the functional of Aµ representing the position-
independent portion of the Noether current correspond-
ing to rotations, and thus corresponds in the non-
relativistic limit to the net spin density carried by the
Aµ field, ~Si ⇠ ✏ijkS

0jk. M⇤ characterizes the strength
of the interaction and has units of energy, and n is an
integer. Such interactions could be generated, for exam-
ple, by integrating out heavy SU(3)c-charged degrees of
freedom which couple to the dark matter (see Figure 1).
In that case, one would expect the low energy theory to
contain the whole family of operators for all values of n.

The interaction, Eq. (4) is not manifestly gauge invari-
ant, and can be understood to be written in the unitary
gauge. As dictated by dark gauge-invariance, the depen-
dence of M⇤ on the underlying UV parameters depends
on the form of the UV theory. For example, if the SU(3)c-
charged fermions in the loop are chiral, and get their mass
from the same dark Higgs vacuum expectation value vD

which breaks the dark gauge symmetry, one would expect
1/M6+2n

⇤ ⇠ y
2+2n

/(yvD)6+2n, where y is the Yukawa in-
teraction, and the vector fields Aµ in that case would be
longitudinal modes arising from the would-be Goldstone
bosons.

This operator allows collisions at high energy collid-
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In a particular region of space, the contribution from
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In order to cancel a ✓ of order one near the Sun, the mass
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The maximum m as a function of the operator dimension
n is plotted for M⇤ = 1 TeV in Figure 2. For n � 3,
masses large enough to be consistent with the bound on
the fuzziness of dark matter on small scales [14–17] are
consistent with the emergent solution to the strong CP
problem.
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of the dark matter must satisfy,
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The maximum m as a function of the operator dimension
n is plotted for M⇤ = 1 TeV in Figure 2. For n � 3,
masses large enough to be consistent with the bound on
the fuzziness of dark matter on small scales [14–17] are
consistent with the emergent solution to the strong CP
problem.

The presence of operators with lower n is not problematic: they just don’t give a 
large enough contribution to cancel an O(1) theta bar.



Perturbations
• We checked a bunch of things which could distort S, and thus 

spoil the solution of the strong CP problem.  None look 
problematic.


• Higher dimensional operators


• Dark matter magnetic dipole moment


• DM Spin - Earth Spin gravitational interactions

3

While operators containing larger values of n are nec-
essary to consistently cancel ✓ near the Earth, it is clear
that the (unavoidable) presence of operators with lower
n are not problematic. Given the local density of dark
matter, the lower n operators make a negligible contribu-
tion to the local e↵ective ✓ term. Operators with higher
n occur at the same order in the loop expansion, though
they are suppressed by additional powers of M⇤.

A. Additional Contributions to ✓e↵

Our analysis so far has assumed that the QCD poten-
tial represents the only important dynamics influencing
the dark matter spin density. It is crucial that any other
contributions be su�ciently subdominant that they de-
flect s from the minimum of Equation (6) such that the
e↵ective ✓ term remains . 10�10.

The same dynamics which gives rise to the operator
connecting the dark matter to G eG will also lead to op-
erators containing dependence on s which is unaligned
with ✓. These operators take the form,
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where p is an integer which characterizes the operator
making the dominant contribution, and ap is a dimen-
sionless coe�cient which could be computed given a more
concretely realized UV theory. This operator will shift s
from the minimum cancelling ✓, inducing an e↵ective ✓

term of order:
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For m ⇠ 10�18 eV and M⇤ ⇠ 1 TeV, the e↵ective local ✓
term is acceptably small provided p . n+ 5.

The local environment may also impose a preference on
the net dark matter spin density. For example, the dark
matter may possess a magnetic dipole moment, described
by e.g.,

e�m
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2 (F⌫⇢) F
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µ (12)

where FEM is the electromagnetic field strength, e is the
electric coupling, and �m is a dimensionless quantity.
If the mediator fermions carry electroweak charge, one
would expect the magnetic dipole is induced at one loop,
and �m ⇠ 1, whereas if not it will nonetheless be induced
at three loops, �m ⇠ (↵S(M⇤)/4⇡)2. At the surface of
the Earth, this induces a shift in the e↵ective theta term
of order,
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where B� ⇠ 3⇥ 10�3 eV2 is the strength of the Earth’s
magnetic field at its surface. Even for �m ⇠ 1, this is far
too small to be important for the masses of interest.

If the dark matter interacts directly with electrons
with coupling gD (e.g. through a small amount of ki-
netic mixing with the hypercharge interaction), it will
typically induce a magnetic moment that is larger by
�m ⇠ g

2
DM

2
⇤/m

2
e, where me is the mass of the electron.

Even for order one coupling strengths gD ⇠ 1, this is
small enough as to not significantly destabilize the local
e↵ective value of ✓.
Even in the absence of a magnetic moment, there is

a gravitational interaction between the dark matter spin
and the spin of the Earth. These corrections are en-
capsulated by the potential on the net dark matter spin
density induced by the Earth’s gravitational field, de-
scribed as a background Kerr metric characterized by
its Schwarzschild radius rs = 2GM� ⇠ 105 eV�1 and
angular momentum per unit mass ~a = ~J�/M�; |~a| ⇠

105 eV�1. To linear order in rs and ~a, the term in the
e↵ective Lagrangian at a position ~r from the center of
the Earth reads,

rsm
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rsm
2

r3
A0 ~a · (~r ⇥ ~A). (14)

The correction to the local value of the e↵ective ✓ is,
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where R� is the radius of the Earth. For the parameters
of interest, this is negligibly small.

IV. PHENOMENOLOGY

A. Cosmological Production

As with any ultralight boson playing the role of dark
matter, it is necessary to invoke a nonthermal production
mechanism which results in a non-relativistic momentum
distribution. For the low masses of interest here, pro-
duction through inflationary fluctuations is thought to
be ine�cient given the current upper bound on the in-
flationary scale [18–20]. Production through a generic
tachyonic instability is possible, though it requires some
fine-tuning [21–23]. Masses as low as ⇠ 10�18 eV can
be accommodated if the vector mass results from a dark
Higgs whose mass is close to the dark matter mass [24].

B. Structure of Galaxies

For masses close to the fuzzy limit, small scale struc-
tures are prevented from forming, and the cusps of large
galaxies are typically smoothed into cores [25, 26]. For
masses on the larger end of the range we consider, these
e↵ects are unlikely to be observable.
A potentially important feature stems from the fact

that dense areas of dark matter have a smaller e↵ective ✓,

e.g. p < n+5



Phenomenology
• Dark matter can be produced via parametric resonance.


• Below the fuzzy limit, constraints from e.g. the shapes of 
galaxies.


• Structure formation is weird, because of QCD contributions to the 
vacuum energy which vary with position.  (However, for n>6 and 
masses less than 10-20 eV, nothing would have happened yet).


• Gravitational wave detectors put limits on fifth force: Eot-Wash 
constrains the size of the DM coupling to the SM to be < 10-23 in 
the mass range of interest.  LISA will eventually improve limits for 
masses > 10-18 eV.


•  CP may be strongly violated in DM poor regions of the Universe 
(outskirts of galaxies, globular clusters).



Open Questions
• Locally varying contributions to the vacuum energy?


• Tied up with a solution to the CC problem?


• Structure formation? 


• Some kind of Quintessence?


• Probes of distant CP violation?


• What about the axion-like spin-wave state?


• Are there other fundamental problems amenable to emergent 
solutions?



Thank You!




