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Real quark Phase from Angle CP-odd
mass Yukawa coupling variable quantity~E-B
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Remove phase of mass term by chiral transformation of quark fields

—iys0y/2
Yq = e 5T Y,

T . 1 as -~
Locp = Z Pa(iD —mg)py —3GG — (0 — arg det M) 5. GG
q ~m<Os+m
% O can be traded between quark phases and GG term
=0
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Violates time reversal (T) and
space reflection (P) symmetries

Natural scale

= 1.06 X 10" e cm

ZmN

Experimental limit
ld| = 0.63 x 107%%¢ cm

Limit on coefficient
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Frank Wilczek

“I named them after a laundry

detergent, since they clean up
a problem with an axial current.”
(Nobel lecture 2004)



oxG leKpn, cuewd <op=0
+e ax lOV) Caun bo r-xqof

oﬂ-ﬂu c;,,ucdval\ loyw wl/
M= Mot [y
‘[:a (m“+ ng{)
J:\/\/ZWB&? 7’%7:\




Axion Properties

G
Gluon coupling - GG -
(generic) bac 3 fa ¢ ’ -(::G

m_ = Vm,mg My - 6 peV
“ T my+my fufo  fo/10'2GeV

Lay=—gT‘rFFa=gcrE.Ba Y
Photon coupling a (E a___<
9or = 307 (3 (5-192) ,

n n
Pion coupling Log = , f (n°u*a n o+ )0“0 ><
nla n a

N
Nucleon coupling Cx L
(axial vector) Lan = 2,-“ WNY”Ys"l’Na a a _<~

e
Electron coupling _Ce & = L
(optional) Lae = 2fa Yy Ys"’eapa a —<e

Mass (generic)
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Simplest Invisible Axion: KSVZ Model

Ingredients: Scalar field ®, breaks U(1),, spontaneously
Very heavy colored quark with coupling to ®, provides aG G term

Lysyy = (%Wa,,yw +h. c.) + 3,010 ® — V(|®]) — h(P, Wa® + h.c.)
Invariant under chiral phase transformations (Peccei Quinn symmetry)

O —eld, Y - e‘a/z‘pl.: Wy - e""/z‘l’k
Mexican hat potential V(|®|), expand fields as

®(x) = % ela(x)/fa

Low-energy Lagrangian

{= 1 2 — ad

Lxsvz = (3P0,r*¥ + h.c.) +3(d,a)° - mPe fa ¥, where m = hf,/V2

Lowest-order interaction term induces aG G term Oy G
ay a
Lo ==——0GG g
aG 8’r fa R 8
Couples axion to QCD sector P G
Georg Rattelt, MP| Phyucs, Memich HSAPP, Meidelberg, 15 Juy 2011
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Modern values for QCD parameters and temperature-dependent axion mass
imply (Bae, Huh & Kim, arXiv:0806.0497)

1.184 1.184
10 peVv

e Q; ~ 1implies f, ~ 10'* GeV and m, ~ 10 peV
(“classic window”)

* f, ~ 10'® GeV (GUT scale) or larger (string inspired) requires 0; < 0.003
(“anthropic window”)
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