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Introduction

* PQ symmetry to solve the strong CP problem - “Axion”
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* [t can be an "approximate” symmetry respected up to D=10
—10
to guarantee 00 <10 . Holman, et.al.; Kamionkowski, et.al.; Barr-Seckel, ‘92
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V= P 4+ h.c.= 6mz ~ =

-1 —
= 3 T <107'%mZ = n > 10 for F, = 10'°GeV
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Introduction

* [t can be an "accidental” symmetry like B & L in SM.
Protected by a discrete gauge symmetry: EJC, Lukas, '92

* [t may be identified with a flavour symmetry.
Wilczek, '82; ... ; Ema, et.al,; Calibbi, et.al., "16

« We present a model of (discrete) flavour symmetries ensuring
an accidental approximate PQ symmetry.

« We provide a general study of flavourful axion
phenomenology
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PQ symmetry from flavour symmetry

» A-to-Z Pati-Salam unification model where PQ symmetry,
protected up to D=10 operators, arises accidentally from
discrete flavour symmetry A, X Zg X Z5 X Z::
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Fermions

Flavons

Higgses

Messengers
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Protection up to D=10

Field | Gps A1 Zs Zs (Zg) R U(1)po

F | (421) 3 1 1 1 1 0
Feoa| (4,1,2) 1 a,081 3,821 IR | 1 [ -2,-1,0 |
He | (4,1.2) 1 1 1 1 0 0

H® | (4,1.,2) 1 1 1 1 0 0

| (L,1,1) 3 ot e? B2, 72, 0 2.1

ol | (1,1,1) 3 o« B2, 2,y 0 2.1

hy | (1,2,2) 3 1 1 1 0 0 )

h, | (1,2,2) 17 o 1 1 0 0

hY. | (15,2,2) 1 o 1 1 0 0

hg | (1,2,2) 1 a® 1 1 0 0

hi. | (15,2,2) 1 ot 1 1 0 0

¥, | (1.1,1) 17 o 1 1 0 0

Ya | (11,1) 1 o’ 1 1 0 0

ydo| (15.1,1) 1 o’ 1 1 0 0

s Ly 1 o 8 72 0 (2]
Xpp, | (42,1) 17 aa’ 8.8 72,1 1 2,1
Xpr, | (42,1) 1 an? 8, 3 ¥, v 1 1,2

Xr | (4,2,1) 1 a B.B. 3% B A3t t 1 || -2,-2,-1,-1
Xe, | (1,1,1) 1 at B,B,5% 8%1 vyt A4% 1 1| —2,1,-1,2,0
oty | (1,1,1) 3 aa? B, 3 3, 0 —2,—1
o, | (1,1,1) 3 a’al B, 3> 73,4 0 —2.—1

¢ (1,1,1) 1 a B o 0 -2
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Axion-dependent Yukawa

* Flavon fields qbf’zd and right-handed fermions Fy, ; are charged under
the PQ symmetry:

r * A wlu , _ u * —1T udl =
Ly =l ()" S (1) S | T 2

UPQ
}\g Uy . —iTpud Aald . ~ \ —iT da
—(ur, - (¢5) ‘-KP ‘ 2|+ (dg, - {p9)")d Ry exp ‘
\/711 EPQ \/ﬁ-yzd UPQ

}\ v B . _EI dl }\H 1) _ - —'E:._'l_‘.nua
2970 (dy oD Vo fxp 22| 4 2 (g (oMY Yd gy exp -
2 1 N

\/_a*
-+ {d_L — er.dp — €p. \g — z\ld. Nog — z\gd. x\m-g_ — /\ud} L h.c..

X ud =1
Py
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Fitting fermion masses and mixing

* Fermion mass matrices from 15 input parameters: with flavourful

axion couplings; e.g.,

0 b e3c yy 00 —(19/3) 0 0 209 0 0
M*=uwv, | adbege | . M?* =y By y? 0], M=y Byy  ay 0 }f = | 28 -yg yg ()
a2b c By, 0 y, By, 0y 2By 0 0

Parameter Value Parameter Value Parameter Value

® - 1t - . -
Best-fit: a /1077 1.246 %017 €13 /1077 6.215 243 Mg /meV  3.646

b/1073 3.438 2-0801 €23 /1072 2.888¢3-86T mp /meV  1.935
c —0.545 B 10.20 2777 me /meV 1.151
y) /1075 3.053 48160 2 5.880 n 2.592
y0 /107 3.560 2097 ¢ 2.039
yp /1072 3.607
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Flavourful axion phenomenology

« An axion field residing in flavons: Feng, etal, 98

Via;
_ E X . E 2.2
. Upg

i [

« Fermion Yukawa couplings take a general form:

. a
I—\ X
—Lyyk =€ va( Ju fR]) Mf lefR]

o After a chiral transformation: f./zi — e e i fi/ri

aa

5= Upg (fol fLivtfui + Xf pi fRLV le) l:anomaly + Mf lefR]
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General flavourful axion couplings

* In the mass basis: fi/r = Usr/r fir M7 - U MU =m/S

—L = Qﬁyﬂ (Vf _ Al]y5) fi + 3 (

Qg
81T

GG + cangF) - m{Eij

3 (Ufxp, Ups + Uity Ug)
( L% UrL — UfofR Usr)
fa = vpg /Npw (Npw = QCD anomaly)
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Meson decay to axion

* Meson decays P — P’a from flavourful vector couplings:

2
B(P(q;)) » P'(q;) a) = (0)|2 (1 — m‘;’)
PQ mp

712 1012GeV\*
, Vij|
UPQ

= Cpp
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Decay Branching ratio Experiment CP_spr vpg/GeV
Kt 5 ata <073 x107'%  E949 + E787 [59] 3.51 x 1071 > 6.9 x 101 |V
< 0.01 x 10-10%  NA62 (future) [62] > 5.9 x 10'2|V,
<1.2x 1071 E949 + E787 [58]
< 0.59 x 10~10 E787 [73]
KY = 7% <5x 1078 KOTO [68] 3.67 x 10711 > 2.7 x 101°|V#
— mrr) (< 2.6 x10™ 391a |6
(K} — mvp) (< 2.6 x107%) E391a [66]
BT = nfa <49x107° CLEO [71] 5.30 x 101* > 1.0 x 10%|V4}
(B= — nFvw) (< 1.0 x 1074 BaBar [74]
(< 1.4x107%) Belle [75]
B* 5 K*a <49x107° CLEO [71] 7.26 x 10712 > 1.2 x 10%|V,
(B* — K*uvw) (< 1.3 x 107%) BaBar [76]
(< 1.9 x 1079) Belle [75]
(< 1.5 x 1076)*  Belle-IT (future) [77]
BY — 7% 4.92 x 10~13
(B = 7%wp) (< 0.9 x 107°) Belle [75] > 2.3 x 108|V4
B = Klga <5.3x107° CLEO [71] 6.74 x 10713 > 1.1 x 10%|Vi,
(BY = K%w) (< 1.3 x 107) Belle [75]
D* = n%a <1 111 x 10758 >33 x 10°|VE
DY — 70 <1 433 x 107 > 2.1 x 10°|Vi4
D — K*a <1 438 x 1071 > 2.1 x 10°|Viy
BY = K% <1 3.64 x 10713 > 6.0 x 10°|V]
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Axion-meson kinetic mixing

e After QCD condensation,

C; i _
ﬁaﬂa fiv*vsfi + h.c.= cpf—PauaaﬂP + h.c.=npd,ad*P + h.c.
a

* Kinetic mixing diagonalization & mass re-diagonalizaton:

2
Mmp mgl
a—a-+np P, P—->P—n
m3 — m? Pm2 ‘
P a mp_ma

a

mass-dependent mixing
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Impact on neutral meson mass splitting

e Flavourful axion couplings (A12 53
mesons (K, D, B) contributing to their mass splitting:

IBS 2019-10-11

f¥
Amp = |np|°mp = |CP|2 mp

Vpq
System (Amp)exp/MeV vpo/GeV
K'— K" (3484 40.006) x 10712 > 2 x 10°|cxo
D’ - D" (6.25T580) x 10712 > 4 % 105|cpo
B'—BY  (3.3334£0.013) x 1071Y > 8 x 10°|cgo
B) — B! (1.1688 £0.0014) x 107% > 1 x 10°|cpo
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Additional axion-pion mixing

« For QCD axion, it is negligible (fp K f,, mg; K my).

e For ALP it can lead to sizable contribution to Kt »>nta & a-yy
induced from K* - n*n® & ¥ - yy:

m? ?
Kt > nta) = < ;ﬂ —— = 2) Kt - ntrn?)
a TL' a
3 a Cp m 1

2
[(a—-yy) =~ ( e ) (—“) [ > yY) = (Gayy), . =

2

My _mafa

* B(K* » tta) < 10719 puts a limit:

fu> 4 (-

) TeV = (gaw)mlx < 58x 1077 GeV~! for m, < 110MeV

m2—-m3
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Lepton decay to axion

* LFV decays [; - l;a with the couplings (Vj, A3

l]’
1012GeV

B(l; > L.a) = 5lﬁlj|ciej|2< )

N 1 mz

UPQ
‘U=l ¥ T6rT (1) (1012Gel)? cgl” = vel’

+|ag)’

« Angular distribution:

e oo A = 0 (isotropy)
L ml‘ (1 - APycost) g = AV ) {A=—1 (V — A: SM) }

dcosd 32w
Vho |C| A=+1 (V + A: our model)




Decay Branching ratio Experiment Cly— o vpg/GeV
ut — eta <26 x107% (A =0) Jodidio et al |86] 7.82 x 1071 =55 x 10°|V
<2.1x107° (A =0) TWIST |87 > 1.9 x 10°]C%,
(< 1.0x 1075 (A =1) TWIST [87] > 2.8 x 10°|C%, |
<58 x107° (A= —1) TWIST [87] > 1.2 x 107]C,
<5 x 1077% Mu3e (future) [8S| > 1 x 10MC5,
™ s efa  <1.5x1072 ARGUS [89] 4.92 x 1071 > 1.8 x 10°|C%,
T s puta <26 x1072 ARGUS [89] 4.87 x 10711 > 1.4 x 10°|C%,
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Radiative LFV decay: l; - l,ay

* Cristal Box: Br(u — eay) < 1.1 x107% = vpy > 9.4 x 108|C%,| GeV
[Br(u — ey) < 4.9 x 10711]

e 2 ; “ b " - y p
Chfg} '?T?.-g’l o 1 — I(l — CQ) —+ IZ T = 2E£2/:}n€1‘

flax,co), fla.cp) =

d?T o«

dx deg 32?721%(2 (1 —2)(1 —cp)  co=costh,
° FUtU re SearCh? Decay Branching ratio Experiment
pr = ey < 4.2 x 10713 MEG (92|
< 6 x 1071 MEG-II (future) [93]] ?
T ey < 33x107® BaBar [95]
T — pu Yy < 4.4 x 1078 BaBar [95]
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Axion-mediated LFV processes

* Mu to 3e: Br(u — eee) < 10712 (SINDRUM); 10~1¢(Mu3e)

2.3 12 12 2 =
msm AS. 14|CE m 1
Br{,u_ s E-I-E—E-l-) S - 63 H | 11|4| 21| In g _ 19
1671 (1) UpQ msz 4

* Mu-to-e conversion: Ry, <7 x 107" (SINDRUM II); 6 x 10~'"(Mu2e)

RAZ) = P(p~ = e7(A.Z)) N my (@Z)® mimy [@5 |E|S'{{4.3}C v|*
pe = F{A,Z} (q:z _ .m_g):z 2 F{A.E} o 21 N aN |~

pcap [~ cap PQ T
Nucleon spin-dependent

Cirigliano, Davidson, Kuno, “17

» Both put bounds around vp, 2 10° GeV
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Our model Prediction

* Best-fit values for axion-fermion couplings:

[ 1.0 4.3 x 107370058 _1 7 x 105 0.015¢
Vi =AY~ | 4.3 x 103005 —0.5 —6.0 x 10~
\—L.7 x 107500150 6.0 x 10~ 73x1077 )
[ 0.78 —0.0065 0.99 —0.0085
Vi=_A%~ | 025 072 —0.0057 |, Ve=-A°~| 0073 051 —0.0013
\—0.0065 —0.0057 7.5 x 107 —0.0085 —0.0013 7.5 x 105
 Rare decays to axion: Branching ratio _ -
Process 12 . Experimental sensitivity
(L-‘pQ =10 Ge‘)
Kt s nta 219 x 10712 <1 x 1072 (NA62 future)
K? — 7l 2.29 x 10712 < 5x 1078 (KOTO)
pt —eta 8.3 x 1071 < 5% 107 (Mu3e future)
* Correlated probe: g Bl seta) VAR s
e ™~ 4,49 ~ [ ’ ~ .t .
HWE T Br(K+ — nta) Vi |2
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Conclusion

« Approximate PQ symmetric may arise accidentally from
discrete family symmetry.

* A specific Pati-Salam unified model is worked out.
* [t leads to interesting flavourful axion phenomenology.

« Rare Kaon and muon decays may provide a sensitive probe
for QCD axion.

* There appear numerous flavour observables interesting for
ALP.
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