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The strong CP problem
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1 G o GG + yuQHUC + yaQH "

Two sources of CP violation

dckM = arg det {yuyiaydyz] = 0(1)

0 = arg det (ewy;&y;) <1071
[neutron EDM]

Sequestered from the CKM phase | .
No anthropic selection [Ellis, Gaillard,1979]
An unobserved renormalizable term in the SM



The QCD Axion

A Peccei-Quinn U(1) global symmetry

Anomalous with QCD
h — €1
0— 0+ %qﬁ

ST
[Peccei, Quinn 1977]

Spontaneously broken at some high scale £,
[Weinberg 1978]

Axion: the (pseudo)-Nambu Goldstone Boson _
[Wilczek 1978]
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QCD breaks the shift symmetry to a discrete shift symmetry



QCD Axion solves strong-CP

QCD dynamics give axion a potential

2,2 a
V(a) = —f;m3 cos (9 T E) [Vafa, Witten 1984]
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Dynamically solves the strong CP problem



Axion Dark Matter

The axion is naturally misaligned from its [Abbott, Sikivie 1983]
minimum in the early universe [Dine, Fischler 1983]

[Preskill, Wise, Wilczek 1983]

Coherent oscillations of the axion make a classical fluid

Equation of state
1-2
1g2 -V
w = < f(,lg (a)> =0
;0% +V(a)

Inherits fluctuations from inflation

The axion is a very well-motivated dark matter candidate



Axion cosmology

Assume PQ symmetry is broken before inflation

Inflation ensures entire hubble patch has the same 6

(2, set by the misalignment mechanism

Axion starts oscillating when H ~ m,,
Pa(Tosc) = my 29?

Subsequent evolution conserves axion humber
(adiabatic evolution)
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Heavy QCD axion

Mass of the axion is a robust IR prediction

V(a) ~ —f2m?2 cos (9 + fi) + Vaew(a)
New contributions to the mass in general not be aligned
with =0

Contribution from UV instantons is naturally aligned, but
too small in QCD



UV Iinstantons

Two-flavor example

1 a
Locp =—-G,, G + d +8?r/f

4 G 0sGp, G + yuQHu® + yaQH "

Contributions above a scale M captured by 't Hooft vertex

ue e _I Aov
M
: a Agcp

. 1/M 6
Lo = 26%(9+a/f“)/ i—gpﬁ(uucddc) e~ 2/ (Q—W) + h.c.
0



Heavy QCD axion

Two-flavor example

. /M 9.\ 6
Log = 2e'0Fa/fa) / p—gpﬁ(uucddc) e~ 2m/a (g) + h.c.
0

Axion potential H
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V(a) = A*cos (9 + fi)

At = wrtpla(n)] (T] 52+ T12) Dla] = Dye~2"/ (



Two site model

SU(3)1 x SU(3) —>SU(3)C
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SU(3) XSU(3)
Lagrangian below the scale M
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SU(3) XSU(3)

der/h Yu .., giaa/ F2 1 N 1
.' : as(p) s, (1)

p=M

Qs (”) ,

SU(3)x SU(3)

M = 10'* GeV

M = 10% GeV

0.05 0.15 0.20

<= () () () () () () =




Mg.QCD

1000,

SU(3) XSU(3)xSU(3)

1 1 + 1 + 1 b=
A (JU‘) B (s, (1”’) s, (,u) X4 (/"J)j
Qgy = Qg

SU(3)x SU3)x SU(3)

-

-
- -
[ i
-~ - —
—— ——]

-
-
i —
- —
———

-
—~
—_——

-
Lol T
-
————a____--—--
——

M = 10'* GeV

M = 10° GeV

0.1

0.2 0.3 0.4 0.5 0.6
@51 (M)




Aside: Massless up quark

[1712.05803 ] PA, Howe
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q1,uy,d; q2, Uy, dy Q3au37d3

Interesting flavor model building avenues
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summary

QCD axion dark matter is a prime target for new physics searches

In simplest models this target is relatively narrow

Possible to dramatically enhance the axion-photon coupling

Cosmological mechanisms allow for large-f, axions (as favored in
string theory)

Axions can be made heavy while solving strong-CP problem

New target space for dark matter, or collider visible QCD axions

Motivates casting a wide net in the hunt for axions



