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The Lamp of the East

"In the golden age of Asia
Korea was one of its lamp bearers,
And that lamp is waiting
To be lighted once again
For the illumination of the East.”
- Rabindranath Tagore (1929)
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Introduction

 Strong CP problem and PQ symmetry - "Axion”
e [t may be identified with a flavour symmetry.
Wilczek, '82; ... ; Ema, et.al,; Calibbi, et.al, '16

e Signatures and constraints on flavour violating axion

couplings. F. Bjoerkeroth, EJC, S. King, 1711.05741

1806.00660

* An (approximate) PQ symmetry as an accidental symmetry in
a Pati-Salam unification model with A-to-Z flavour group -
correlated flavour observables.



Strong CP problem

» Gauge-invariance allows QCD 6 term: x J’f

2

Lo=10

5227 GG 00—

e |t is a CP-odd E - B term inducing nucleon EDM.

1 e

my
dn ~— gnNNgnNN log| — m

< 107 2%%ecm = 6 < 10710
4‘7[2 mN

T

* Why is 8 so small? > Symmetry origin: Peccel-Quinn '77.
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PQ mechanism

* Introduce a QCD anomalous global U(1) symmetry which is
spontaneously broken at a high scale F, - axion.

« QCD anomaly induces an axion-gluon-gluon coupling:

1 a 2 ~ _
Lacp = =G, G + (8 + ca ) 3;5’?_2 Go,GM = g=0+ cGFi

* QCD condensation generates axion potential driving the
theta value to vanish: |, Abep(1— cosf) = (B) = 0

: : : AZ 1010GeV
« Axion mass is predicted to be | m.~—% ~10“3( — )ev



Axion models

e Kim-Shifman-Vainshtein-Zakharov:

Axion is a Goldstone boson:
ﬁKSVZ — )\QSQQC + h.c. @
10 -1 S =Ie'a

PQ charges:

e Dine-Fischler-Srednicki-Zhitinitski:
Lprsz = Yuqu Hy +yqqd"Hg + A\g SH, Hq + h.c.

01 -1 10 —1
 Flavourful PQ symmetry: each generation has different PQ charges

> X(g) + X () + X(df) #0
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Constraints on F,

» Lower bound from star cooling: low F, - efficient axion
emission > fast star cooling.

« Upper bound from axion dark matter density: axion potential
generated after Aqcp drives a coherent axion oscillation

starting from a initial misaligned field value.
\\ /

10%CeV = B < 10 CeV




Flavourful axion phenomenology

* PQ charges may be generation-dependent: QCD axion =

phase field of flavons Feng, etal, 98

vid;
a= ) x;—; Vip = ) xvf
l PQ
. Upg

i [

* Fermion Yukawa couplings take a general form:

a
fLi=*f
_LYuk =€ vPQ( b R]) Mf lefR]
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General flavourful axion couplings

. a
. I— X ;
» Take the transformation fixi =€ " " fi;r: and then go to
the mass basis: fusr = Usir fure MP— UL MT U = m!

—L :a—fly“(Vf AfyS)f a( GG+ca —FF)+mefR-
Upg S £, \8m Y 8m ‘ J

— ( foUfL + U foUfR)
> Uhxe, Up = Ul Ur)
fa = vpo /Npw (Npw = QCD anomaly)
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Lepton decays to axion

» LFV decays [; - l;a with the couplings (VS,AQ

N 2 1012GeV
B(lialja)sclﬁlj|cg-|< oo )
. 1 m, )
‘5=l Y TenT (1) (1012GeV)? oy =1V | + |45

» Angular distribution:

ce e e A = 0 (isotropy)
ar | | l (1 — A Pycosb) A—Zm(A Vi) {A=—1 (V — A: SM) }

dcos® 32
coS T Vo |C| A =41 (V + A: our model)




Decay Branching ratio Experiment Coy—sty vpg/GeV
nt — eta <26x107°% (A =0) Jodidio et al [86] 7.82 x 1071 > 55 x 10%|V5
<21 x107° (A = 0) TWIST [87] > 1.9 x 10°|C%,

< 1.0 x 1075 (A=1) TWIST [87] > 2.8 x 107|C%,

<58 x107° (A = —1) TWIST |87 > 1.2 x 107|C%,

(< 5x1079* Mu3e (future))[88) > 1 x 1011|Cg,

7T — eta < 1.5 x 1072 ARGUS [89] 4.92 x 10~ > 1.8 x 10°|C%,
T = puta <26 x1072 ARGUS [89] 4.87 x 107 > 1.4 x 10%C%,

RINP2 Visva-Bharati 190203
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Radiative LFV decay: l; - L ay

e Cristal Box: Br(u—eay) <11x107° = Vpg > 9.4 X 108|C5,| GeV
[Br(u —» ey) < 4.9 x 10711]

G 2_. 3 - - _ 2 o T
Chel M8 0., flacy) = LI L7 = 2B

dx deg 32?721%(2 - (1 —2)(1 —cp)  co=costbh,

d?T a

e Future search?

Decay Branching ratio Experiment
pt — ety <42x1071° MEG igz
<6 x 107 MEG-II (future)|[93

T = e < 3.3x 1078 BaBar [95
T — )Y < 4.4 %x 107" BaBar [95

RINP2 Visva-Bharati 190203 EJ Chun "Flavourful Axion"
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Meson decay to axion

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

1 m3 2 \°
B(P(q;) » P'(q;) a) = |f+(0)|2 (1 —~ m’; )
PQ mp

2 <1OlzGeV>2
UPQ

RINP2 Visva-Bharati 190203 EJ Chun "Flavourful Axion"
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|

Decay Branching ratio Experiment Cp_,pr vpg/GeV
Kt = nta <073 x1071° E949 + E787 [59] 3.51 x 107" > 6.9 x 10* |V
< 0.01 x 107'°*  NAG62 (future) [62] > 5.9 x 1012|V4
<1.2x 10710 E949 + E787 [58]
< 0.59 x 10710 E787 (73]
K? — 1% <5x1078 KOTO [68] 3.67 x 107! > 2.7 x 10"°|V§
(K9 — n%p) (< 2.6 x 107%) E391a [66]
B* - nfa <49x107° CLEO [71] 5.30 x 1071 > 1.0 x 10%|V{|
(B* — m¥vw) (< 1.0 x 1074) BaBar [74]
(< 1.4 x 107%) Belle [75]
B = K a <49x107° CLEO [71] 7.26 x 1073 > 1.2 x 10%|V4,
(B* - K*vp)(< 1.3 x 1079) BaBar [76]
(< 1.9 x 1077) Belle [75]
(< 1.5 x 107%)*  Belle-II (future) [77]
B° — 7% 4.92 x 10713
(BY — nwp) (< 0.9 x 1079) Belle [75] > 2.3 x 108V
B’ = Kiga <53x107° CLEO [71] 6.74 x 107 > 1.1 x 10%|V4,
(B - K%7) (< 1.3 x 1079) Belle [75]
D* — mta <1 1.11 x 10713 > 3.3 x 103|VY
DY = 7% <1 433 x 1071 > 2.1 x 10°|VY
DT = K*a <1 438 x 1071 > 2.1 x 10°|V}
RINP2 Visva-Bharati = BO — K0q <1 3.64 x 10713 > 6.0 x 105|V4
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Axion-meson mixing

e After QCD condensation,

Cij

UPQ

aua]?iVMVSfj = Cp

fa "

f—Pa ad“P

* Kinetic mixing diagonalization & mass re-diagonalizaton:

a—a-+cp

RINP2 Visva-Bharati 190203

fp mIZD

famg —mg

P; P_)P_Cp
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fp

ma

fa mlza

> a

mass-dependent mixing
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Axion-pion mixing

« For QCD axion, the mixing is negligible (fp < f,, m; K my).

e For ALP it can lead to sizable contribution to KT »nta & a - yy
induced from K* - ntrn® & n% - yy:

m?2 ?
F(K+—>7T+a)z< I > - ) 'Kt - ntrY)
fa Mg —m
fr mZ ? mg\’ a Cq mz 1
F(aeyy)z(c L a ) (—a) '@ - yy)= (g
7Tfa mn_ma My ( ay)mlx nm afa

e B(KT » wta) < 10710 puts a limit:
fu> 4 (3

Cnma

mix

) TeV = (gay) < 5.8x1077 GeV~! for my < 110MeV

m2-m3
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Log10(gay, /GeV™)

CAST

SUMICO HB stars

SN 1987A

-12 -9 -6 -3 0 3 6 9 12

Logio(MaleV) 1702.02964
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Impact on neutral meson mass splitting

e Flavourful axion couplings (A'f'zfl23 Induces mixing with heavy
mesons (K, D, B) contributing to their mass splitting:

2
_ _ ) . 2 fP
(4 ¥ a ) Amp = [np|*mp = |cp|* ——mp
Vpo
K? < u,c ty u, c,t } K
| s s | System (Amp)exp/MeV vpg/GeV
, oy K — K% (3484 40.006) x 10712 > 2 x 10%|cxo
0 » DY — DY (6.257580) x 10712 > 4 x 105|¢po
< K BOBY (333340.013) x 10710 > 8 x 107 cpe
® ) B)— B (11688 £0.0014) x 107% > 1 x 10°|epo

18
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A-to-Z flavour Pati-Salam Model

King, "14

« A Pati-Salam unification model where an approximate
, arises accidentally from discrete flavour symmetry

Ay X Zc X Z3 X

(EF - oY) h, F¥ (F' - 085)h, Fy

W = \g(F - h)F5 + A\,

(F - Q) hgF¥

(F - ¢5)hisFs (F'- OF)haFY

+ Mg

(X5)
reff FF 52
Mhe = 3 L

RINP2 Visva-Bharati 190203

F{Ff + S F5F§ + F{F§ + S F{F;

| w.d
P1,2

P h‘-u.d
! (%)
! X

g ¢ g

A A
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F‘j X§2 X53 XfB X& FQL
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Protection up to D=10

Field | G A, Zs, {Z_ (ZQ,)J R U(1) pe _
Ps 4 3 (D)re fo — (0,0,0)
Fermions | I | 421 3 ! ! ! ! ! = (2,1,0)
Fiag | (4,1,2) 1 a,a’1 3. 32,1 3. 4% 1 1 —2.—1.0 Xrp = &4,
H | (4.1,2) 1 ] ] 1 0 0 Npw = 6
He | (4,1,2) 1 1 1 1 0 0
Flavons | “i2 (1.L1) 3 a'a? 32, 721 0 2,1 “Family-dependent DFSZ"
ofy | (1,1,1) 3  a’a A2, ~2, 0 2.1
hs | (1,2,2) 3 1 1 1 0 0
he | (1,2,2) 17 a 1 1 0 0
I 1 15,2, ] Qv ] :
Higgses his | (15,2,2) 1 1 1 0 0
hg | (1,2,2) U o’ 1 1 0 0
hds | (15.2,2) 1 o 1 1 0 0
Y. | (1,1,1) 17 a 1 1 0 0
Yo (111 v o’ 1 1 0 0
S | (15,1,1) 1 o 1 1 0 0
3 (1.1.1) 1 ot 32 2 0 2
Xpp, | (4,2,1) 17 aa’ 323 7%, 1 2.1
Xp, | 421) 1 a0’ 3, 3 v, 2 1 1.2
Xe, | (L) 1 a B,6,3%. 8% 1 2 ~v.4%4%1 1] —=2,1.—-1,2,0
oty | (L1,1) 3 aad 3, 3 A3 A 0 —2,—1
ofy | (LL1) 3 oot 3, 32 ~3, 4 0 —2.—1
£ (1.1.1) o 3 3 0 —2
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Axion-dependent Yukawa

« Flavon fields ¢;% and right-handed fermions Ff, ; are charged under
the PQ symmetry:

_ . MuVy - — 1T pudl wg =2
Ly = Xo(F - ()" G+ S (7 o e s

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

)\ 1 _ \ —1T da }\ U _ _ — Tl
L ) b | | S () s |
v

\/_a*
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Fitting fermion masses and mixing

e Fermion mass matrices from 15 input parameters:

0 b e3¢ v 0 0 —(y9/3) 0 0
M*=w, la 4b epge|, M'=wv, | Byy 40 0, M =uv, [ By a2 0
a 2b Byy 0 ) By 0y
) 000 e J‘ - (000 - Specific flavour prediction
m’ =mg |0 1 1) +mue |4 16 8 +mee™~ |0 0 0 for axion
0 1 1 2 8 4 0 0 1
¢ BeSt_fIt Parameter Value Parameter Value Parameter Value
a/107° 1.246 4047 €13 /1073 6.215 2434 m, /meV  3.646
b /1073 3.438 ¢2080i €23 /1072 2.888 ¢3-867¢ my /meV  1.935
c —0.545 B 10.20 2777 m. /meV  1.151
ys /107%  3.053 ¢*810 x 5.880) 1 2.592
2 /1071 3.560 2097 3 2.039

0 /102 3.607
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Our model Predictions

o Best-fit values for axion-fermion couplings:

/ 1.0 4.3 x 107370050 1 7 x 10720015
Vi = — A% ~ [ 4.3 x 1073005 —0.5 —6.0 x 1074
\—1.7 x 10752015 6.0 x 10~ 73x1077 _
[ 0.78 —0.0065 0.99 —0.0085
Vd— Al ~ 0.25 0.72 —0.0057 |, Ve = —-A" ~ 0.073 0.51 —0.0013
\—0.0065 —0.0057 7.5 x 107° —0.0085 —0.0013 7.5 x 107
¢ Ra re decays to axion: Branching ratio . .
Process : 112 ot Experimental sensitivity
("l’pQ =10 Ge\)
K+ — 7ta 2.19 x 10712 <1 x 10712 (NAG2 future)
K9 — 7% 2.20 x 10-12 < 5% 1078 (KOTO)
pt —eta 83 x 1072 <5x107? (Mu3e future)

- Br(pt —eta)

 Correlated probes: R,y =
p/K =

s Vel

% ~31e7 VT 0,38
Br(K+ — 7%a) V42 0.38.
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Conclusion

» Axion solves the strong CP and dark matter problem.

A specific Pati-Salam unified model is worked out to show an
automatic PQ symmetry guaranteed by a flavour symmetry.

e |t leads to interesting flavourful axion phenomenology.

e Rare Kaon and muon decays, K™ >t a & u — e a, provide
sensitive probes for QCD axion.

e More numerous flavour observables can be looked for axion-
like particles.
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