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Axions and Flavour Symmetries
Axions and the Peccei-Quinn Symmetry U(1)pg
U(l\p(: s a Flavour Symmetry

Axions and the Peccei-Quinn Symmetry U(1)pq

CP- vnolatmg term in QCD Lagrangian 9- GG,

apv __ 1 _pvpo ~a
where G = 3¢ Gy

322

0 =0+ Arg (Det(M“M?)) < 107" by neutron EDM".

Unnaturally small?
o Introduce U(1)pg and scalar field to SM?.

@ Axion appears as pseudo-GoIdstone boson of U(1)pg®, and
GG.

ﬂQCDJraxmn D) f 32 2 32 2

Quasi shift-symmetry of axion, a — a — f,0, solves strong CP problem.

! Abel et al. 2020.
2R. D. Peccei and Quinn 1977.
3Weinberg 1978; Wilczek 1978.
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Axions and Flavour Symmetries
Quinn Symmetry U(1) po

U(1)pg as a Flavour Symmetry

U(1)pq can be a flavour symmetry.

o Identified with the Froggatt-Nielsen symmetry U(1)en.
@ This gives rise to a flavourful axion or axién sabroso.
o FN symmetry can explain fermion mass hierarchy*.

@ Flavon field o couples to fermions like

%F[H f,é o" or /C\—’ZFLH fé o".

o After FN symmetry breaking ygs"FL"H f,{, are the SM Yukawa terms, and

Vo

e = “& ~ 0.2, hierarchy comes form powers of n.

*Froggatt and Nielsen 1979.
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Quark Sect
A Flavourful Axion Model UV Compl
epton Se
and the Axion

Quark Sector

[ Field/Symmetry | Qi uir dir I Hy Ha o ]
[ SU@) x UMy | (2,1/6) (1,2/3) (1,-1/3) [(2-1/2) (21/2) (1,0)]
| U(1)pq | (9/2,-5/2,1)2) (-9/2,5/2,-1/2) (-9/2,5/2,-1/2) | 1 1 1]

@ Flavon o is coupled to quark sector.

@ Couplings up to dimension 5 are:
LD Clz Q1 Hutnro + 21 Qo Hutngo + 2 QzLHdU3RU
%QquUzRU +}/33Q3L wusg + (u — d).

@ Next order is dimension 8.

o NNI texture, with the (3, 3) entry generated at dimension 4

0 EVy/d C1”2/d 0
mu/d = svu/dC;I/d 0 svd/uC23/
0 5Vd/uC3uz/d Y33/dVU/d
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Quark Sector

A Flavourful Axion Model UV Completion of the Quark Sector
Lepton Sec
S d the Axion

UV Completion of the Quark Sector

Type-| seesaw: ) Type-Il seesaw:
Heavy vector-like fermions F¢ Heavy SU(2), doublet scalars ¢,
H‘Z a Hq a
| | v
| | |
Qi e ————Uir 3 &4
Fir Fir Qi —»——»— iR
VBuHFl + MSFIFY, + 3§ Flioas V§Bu®a + ko]

Can limit mass-generating terms!
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Quark or

A Flavourful Axion Model UV Completion of the Qu:
Lepton Sector
Scalar and the Axion

Lepton Sector

[ Field/Symmetry | Li Lig Ni [ o ]
[SUR). x Uy | (2,-1/2) (1,-1) (1,0) [(10) ]
[ UDee [ (1,30 (0.-2-1) 021 [ 2 |
@ Second flavon ¢’ is introduced.
@ Neutrino masses generated in a type-l seesaw scenario, from

LDyt L HyNi + y3 L HaNo + y3 L Hu N3
JE— N ___ N____ N ____
+MUNE Ny + 22 NE Nyo” + 43 NE Nsor + 23 N5 Nso'.

@ The neutrino mass matrix gets an A, structure

o w O
0 T W
Q N O

Charged leptons mass matrix is diagonal at leading order.

@ Qv at tree-level, and normal ordering.
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A Flavourful Axion Model U
Lepton Se
Scalar Sector and the Axion

Scalar Sector and the Axion

@ The 4 or 6 scalar fields present lead to a complex scalar potential.

o Axion is the PQ Goldstone, orthogonal to the Z-boson Goldstone, i.e.
XiY;vi

[l vy

@ Axion mass and axion-photon coupling depend on £.°, as
m, ~ 5.70 (Nliﬂ) peV and g, & 32 (5 —1.92).

a=APQ—

@ Strong hierarchy between the scalars’ vevs leads to f, ~ \)"E’N.
@ Here N=5and E ==

6 E_ s &%
o Compared to the SU(5) GUT", where § = 3, Ty ~ 14,

SGrilli di Cortona et al. 2016.
5Georgi and Glashow 1974.
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Numerical Results avo iolating
ful Axion Dark Matter Candidate

Quark Sector

[ Parameter | Best fit | Observable __ Global-fit value I Model best-fit
A,/(10 % GeV) 1519 | Bestfit value | 1o range |
B./(1072 GeV) —5.368 07, /° 13.09 13.06 — 13.12 12.988
C,/ GeV —3.004 05/° 0.207 0.202 — 0.213 0.2000
D, /(10" GeV) 3.562 03,/° 2.32 2.29 — 2.37 2.381
E,/(10? GeV) 1.679 89/° 68.53 66.06 — 71.10 68.720
Aq/(1072 GeV) —1.233 my/(107% GeV) 1.288 0.766 — 1.550 1.2743
By/(1072 GeV) 1.228 mc/(107! GeV) 6.268 6.076 — 6.459 6.2592
C4/(1071 GeV) —3.074 me/ GeV 171.68 170.17 — 173.18 171.687
Dqy/(107" GeV) —4.782 mq /(1072 GeV) 2.751 2.577 — 3.151 2.7330
Eq/ GeV —2.793 ms /(1072 GeV) 5.432 5.153 — 5.728 5.4311
ay/° 96.56 mp/ GeV 2.854 2.827 — 2.880 2.8501
Bu/° 98.23 X2 1.0901
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Numerical Results

Lepton Sector

Observable - Global-fit value Model best-fit
Best-fit value To range
[ Parameter | Best fit 9%/“ 345 335 - 35.7 34.85
— 0ls/° 8.45 8.31 — 8.61 8.432
3/(10726\/) 9.933 0hy/° 477 46.0 — 48.9 48.11
b/(107%eV) 2.646 o'/ 218 191 — 256 258.8
c/(lO’2 eV) 2.475 a/° 65.27
d/(107%eV) 2.264 B8/° 265.08
$a/° 20.87 Am3;/(107° eV?) 7.55 7.39 775 7.571
ob/° 91.88 Am3, /(1072 eV?) 2.424 2.394 — 2.454 2.4221
o 3.03 S m,/(1072eV) 6.453
‘f’t/ ) - me/ MeV 0.4865763 | 0.4865735 — 0.4865789 -
ba/ —109.97 m,./ GeV 0.10271897 | 0.10271866 — 0.10271931 -
m./ GeV 1.74618 1.74602 — 1.74633 -
N 2.0053
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x < Fit
Flavour Violating Decays with Axions
Numerical Results ur Violating
fi ter Candidate

Flavour Violating Decays with Axions

o Flavour violating Yukawa couplings can lead to qgi — g a.
@ Can be probed through meson decays.

-9 3
° r(K+ — 7T+2) ~ 1.9x10” °GeV .

2
Vo

e E949 Collaboration constrain Lﬂia) <7.3x10717,
rTotaI(K )

o Relationship f; &~ v2v, N implies £, > 7 x 10° GeV.
o m, <0.7x10%eV and |g.,(GeV 1) < 0.8 x 107
e BT — K™ a (Belle-11®) provides f, > 6 x (10° — 107) GeV.

“Adler et al. 2008.
8Calibbi et al. 2017.
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x* Fit
Flavour Violating Decays with Axions
r Higgs Couplings
s a Dark Matter Candidate

Numerical Results

Flavour Violating Decays with Axions
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90’Hare 2020.
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x*< Fit

Flavour Violat h Axions
Numerical Results Flavour Violating Higgs Couplings

F| rful Axion as a Dark ter Candidate

Flavour Violating Higgs Couplings

o Vu/d < VU/U/.

10—

H ATLA
B HL-LHC

Two Higgs bosons:
h = h§ cosa + hg sin o and 8
H =~ —hisina + hd cosa.

@ Vsy = vyusin 3+ vy cos . = H ]
L :
@ Flavour conservation if tan a = cot (. ]
10 2 7
@ t — hc sets bounds™. 1
o Effective Lagrangian and x? fit: 0 2 4 6 10
Exp tan o
cos o I—t‘—>hc
ang (L—tanatan )| <17 (6t -
°ATLAS 2016; Vos et al. 2016.
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Numerical Results ! ating s Couplings

Flavourful Axion as a Dark Matter Candidate

Flavourful Axion as a Dark Matter Candidate

o Through the misalignment mechanism!! cold axions can be produced, with
QR &2 x 10* (i) /° (62).

1016GeV

@ Relic density can be matched to Qomh?® ~ 0.12.

@ For 0; € (0, 27) and 5 x 10 GeV < f, < 1 x 10%° GeV.

N > 1 implies formation of domain walls, which have to be destabilized or
inflated away.

!'Fox, Pierce, and Thomas 2004.
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Conclusions

Conclusions

@ U(1)pq can be identified with U(1)en.
@ Mass and vev hierarchies.

o At leading order mass quark mass matrix gets NNI structure and neutrino
mass matrix gets Ax structure.

o Theoretical predictions match x? fit.

@ Flavourful axion arises after PQ symmetry breaking.

@ Flavour violating decays with the axion set bounds on f;, m,, and ga.
o Possibility of FCNCs being present.

@ Flavourful axion can account for dark matter.

o Future possibilities: KSVZ-like model, gauge symmetries.
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Conclusions

Thank you for listening!
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