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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
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Loco = ) Pg(iD = mg)y — 366 — (0 — argdet My) == GG
4 - 8m
q - <Os+m
% O can be traded between quark phases and GG term

% No physical impact if at least one m, = 0
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“I named them after a laundry
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a problem with an axial current.”
(Nobel lecture 2004)
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Simplest Invisible Axion: KSVZ Model

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

p—— (EWa,,yﬂw + h.c.) + 09,0104 ® — V() — h(P, Wo® + h.c.)
Invariant under chiral phase transformations (Peccei Quinn symmetry)

O elfd, WY - em/zwb Wy = e-ta/Zq;R
Mexican hat potential V(|®|), expand fields as

000 = 2229 i

Low-energy Lagrangian

= _ irse
Lysvz = (3P0, y"¥ +h.c.) +2(9,a)" — mPe 7o ¥, where m = hf,/NZ

Lowest-order mteracnon term induces aGG term Isannna G
Log = ——— G G g
aG 81 fa @t A
Couples axion to QCD sector giaanaa G
Ll
Georg Rattelt, MP| Phyucs, Momich BAPP, Meidelberg, 15 Juby 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
O h? = 0.195 02 (22 = 0.105 07 [ —~
ma

10'2Gev
* 0; ~ 1implies f, ~ 10'? GeV and m, ~ 10 peV
(“classic window”)
* fo ~ 10'® GeV (GUT scale) or larger (string inspired) requires ©; < 0.003

(“anthropic window”)
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