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(General Idea

Identify PQ symmetry with U(1) flavor symmetry:
the phase of the flavon is the QCD axion = axiflavon

Can obtain pretty sharp prediction for axion-photon
COllpliIlg E/N {in contrast to broad range in usual axion models}

Get predictions for axion-fermion couplings, which
in general are flavor-violating {up to OG) uncertainties]

see also 1612.05492
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The QCD 6#-term

Gauge and Lorentz invariance allow QCD 6-term
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Shifts under anomalous axial U(1) transformations
that control complex phases in quark masses
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The Strong CP Problem

Eff. 6 -term violates CP and contributes to neutron EDM

d, ~4x10"%9ecm *» |d,|exp <3 x 107 ecm

Would expect both f-term and complex Yukawa

matrices to be present in Lagrangian and 6 ~ O(1)

[note: cannot impose CP since need complex Yuks for (large) CKM phasel



The Axion Solution

If 6 would be dynamical field without any other
potential, non-perturbative dynamics would
generate potential for 6(z)with trivial minimum

Field without potential is Goldstone boson: need
new global symmetry that is spontaneously broken

[remains as shift symmetry a — a + o}

Want to couple Goldstone to gluons: need

‘ also anomalous breaking of global symmetry

[shift symmetry broken by aGG]




The Peccei-Quinn Mechanism

[Peccei, Quinn ’77}

Introduce new global U(1)pg symmetry with
fermion charges such to have QCD anomaly

Break global U(1)pg symmetry spontaneously
at scale / by vev of complex scalar field ®

U(»pq breaking scale

U(1)pg non-linearly realized as shift symmetry of axion



The Peccei-Quinn Mechanism

Effective Lagrangian at scales < f contains only
Goldstone boson a(x), all other fields take mass at f
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Interactions with ABJ term for ABJ term for
SM fermions QCD anomaly other anomalies

[respects shift [breaks shift [cf 77_0 rr}
symmetry} symmetry} I

Depends on § only through PQ invariant combination

[have essentially made § dynamical field}



The Axion

Effective Lagrangian induces axion potential

a(x) ’ '
fa !

E(I) Qg ~ non-PT
fao 8T GZWGCL"LW effects Via) ~ _miﬁ%’ COB

| axion gets mass Mg ~ My fw/fa il

couples to photons and SM fermions ~ 1/f, w

» is natural DM candidate for 1/100 ueV < m, < 100 ueV



Axion Models

Choose PQ charges of SM/BSM fermions for QCD anomaly

Models characterised by axion-photon couplings E/N
and PQ breaking scale/axion mass fa ¢ mq

o PQ WW axion [Peccei, Quinn, Wilczek, Weinberg 781

2HDM model without new fermions, fo ~ v, m, ~ 30keV

® DFSZ axion [Dine, Fischler, Srednicki, Zhitnitsky ’8o}

2HDM model without new fermions but extra singlet scalar that

breaks PQ at scale £, much above electroweak scale; [E/NI € [0.3,2.7]

® KSVZ axion [Kim, Shifman, Vainshtein, Zakharov ’8o}

SM model with new (heavy) fermions and extra singlet scalar that
breaks PQ at scale f, much above electroweak scale; [E/NI € [0, 6]



Axions and Flavor

In usual axions solution PQ symmetry and
quantum numbers are ad-hoc and serve no
other purpose than to solve strong CP problem

Interesting to connect PQ to other global symmetries,
e.g. flavor symmetries that explain Yukawa hierarchies
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Possible advantages of replacing the Peccei-Quinn U(1) quasisymmetry by a group of
genuine flavor symmetries are pointed out. Characteristic neutral Nambu-Goldstone
bosons will arise, which might be observed in rare K or u decays. The formulation of
Lagrangians embodying these ideas is discussed schematically.



The SM Flavor Puzzle
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Explain large hierarchies in SM Yukawas
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Flavor Symmetries

Light fields charged under flavor symmetry G,
which is spontaneously broken by “flavon” field ¢

Effective Yukawa Lagrangian needs flavon
insertions in order to be invariant under G

from G selection rules

/

o \ "
Log ~ Qi (E) hq,u;

O(1) coeflicients \

cutoff scale

(@)

Yukawas given by powers of small order parameter € = Iy



U(1) Flavor Symmetry

Simplest symmetry works
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Can easily reproduce all hierarchies, e.g.

u; = (4,2,0) ¢ = (3,2,0)
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Anomalous U(1) Flavor Symmetry

Charge assignments are not unique because of
O(1) coefhicients and order parameter ~1/5

Still can show that U(x) 1is necessarily anomalous
[Binetruy, Ramond ’94}
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Identif_y U(I)Flavor = U(I)PQ

Work with effective U(1) flavor model

qi+U;
> QZ’U;H 4+ ...

. SM Yukawas
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Axion-photon couplings

Although have considerable freedom in fermion

U(1) charges can sharply predict E/N

E
— € 12.4,3.0
N 6 [ ) ]

Direct consequence of fermion mass hierarchies
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Axion-fermion couplings

Predicted with somewhat larger {but O(1)} uncertainties

......... a ~ mzm] ~U ma’ v mzm‘] 4
fa ,ueV 1012GeV |

BR(K+ — 7ta) < 7.3 107! * mg < 0.08meV |

E787+ E949 fa Z 7 X 1010 GeV I‘

Expected improvement at NAG2 by factor ~-70



Summary Plot
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