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Introduction

Now that the Higgs boson has been discovered

at 126 (1eV, assuming that it is indeed exact]g the one
Precjictcd i:)g the SM,

there are several theoretica] Problems

(inclusion of gravity, instability of the Higgs potential,
neutrino masses and mixing angles with the CP
violating phases, strong CP problem,...)

and cosmologica] ISsSUES

(dark matter, inflation, cosmological constant,...)

Point toward the existence of Phgsics begond the SM
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ELEMENTARY
PARTICLES

Force Carriers

Lo LI

Why flavor physics ?

~-

i H 1ggs mass~squarccl
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b) chargcd-lcPton masses

. c]uarlc mixing ang]cs
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b) CF—-violating Phascs

Strong CF vio]ating parameter
~

’ gauge couP|ings 9., 9., 93_
i Higgs quartfc couP|ing \

e

- f:lavor universal

(5)

= ]:lavor clcPenc]ent

(23)




Standard Model Puzzles

oll

1 IR 10 Q 8 —IapLs ':H"I- s T —i75 'r'-l.t‘l-'_i"[(']_ﬂ‘i‘. m ] No nemn EDM found
.-ﬁ{:_).l::‘.[} = —=G" (--T;{_H ) —GT (TPT’ + ¥y _-'D;L- —Mmge 7 )W I I<O.56X:.O'nn

N

7‘ T '\ \ No CP violation in QCD

GLUON DYNAMICS QCD vacuum; KINETIC QUARK TERMS QUARK MASSES
CP violating

Lo = v, Whyis 9 4 so small 7
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Standard Model Puzzles

No neutron EDM found

. _ '\ .
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L QCD = ‘ \j(—h\f R (= = + 1 (27 D m q ké I I <o.56x1°m

Heyo

GLUON DYNAMICS QCD vacuum; KINETIC QUARK TERMS QUARK MASSES
CP violating

T '\ No CP violation in QCD

Ly = D GG, Wl‘! Yy 15 9, SO small 7
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Goal and Motivations

The goal of this talk is to construct an explicit model

for rather recent but fast growing issues of astro-particle
physics and cosmology

By introc]ucing an U(l ) symmetry,
LRIERVED that the U(i )X-[gravit5]2 anoma]9~1crec condition
together with the SM flavor structure
demands additional sterile neutrinos as well as no axionic domain-wall Prob]em

See details
1611.083569

A minimal and economic su ersymmetric extension of SM
for inﬁation, lcPtogcncsis, and EM scenario can be realized within

G=SM X U(1)y X A+

non-Abelian discrete
smallest group for 3 families
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Goal and Motivations
flavor Puzzlc |:> Mixing and Mass %ierarc%y

F ] avore Cl 5ymmctty of gcomctn’ca/ solid A4 could be or'iginatecl from
(tetrahedral) :> superstring thcorg (supcrgravity)

A4+ X UC i )X K.S.Choi, et al

The spontaneous breakdown of anomalous ( (1 )X Proc!uces
the QCD axion

In favor of such a new extension of the SM, Axions and Neutrinos could
be Powcrf:ul sources
for both theoretical and cosmological issues,

|n that
Theg stand out as their convincing Pl‘ugsics and the variety of exPcrimcntal Probes.

Mang of the outstandin mysteries of astrophysics may be hidden from our sigl‘\t
ata lwavclcngths of the EM spectrum.

Dark Matter, Dark Energy and Matter-Antimatter Asymmetry @ NCTS



Tetrahedral A, & Flavored-PQ U(1), Symmetry

Left-handed Left-handed 3 (heavy) right-handed
quarks leptons singlet neutrinos

Field 21,02, Q3 ©ous, et Le, Ly, Ly ey, T N¢ 5:5“"’:.

A, 17, 3 1,117 1,1,1/ 1, 1", 1/ 3 1,17, 1

Ul)x (=3¢ —7r,—2q—r.,—r)2p+rr—3qr,r —99—p p+15¢,p+13¢q,p+11lq p p+ 25¢
U(l)gr 1

Right-handed Right-handed additional right-handed
quarks charged leptons singlet neutrinos

U(i )X~[gravit3]z anoma|5~Free condition together with the SM flavor

structure demands

(J( )X quantum numbers of quark flavors are arrangccl in a way
that no axionic domain-wall Problem, which Plags a crucial role in cosmology
when the X-sgmmctrg brealcing occurs after inflation 1!
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Tetrahedral A, & Flavored-PQ U(1), Symmetry
3 (heavy) right-handed
quarks leptons singlet neutrinos

Field Q1,Q2, Q3 ows, Gt Le. Ly, Ly e, s, e N€© S¢,5,,57

Ay 1,17, 1/ 3 1,117 1,1,1” 1,1", 1/ 3 1,1", 1
Ul)x (=3¢ —r,—2q—nr,—r)2p+7rr—3¢,r,r —99g—p p+15¢,p+13q.p+11q p p+ 25q
U(l)r 1 1 1 1 1 1 1

Right-handed Right-handed additional right-handed
quarks charged leptons singlet neutrinos

T he U(] )X invariance forbids renormalizable Yukawa cou |ings forthe ligl-lt families,

but would allow them through effective non-renormalizable couP|ings supprcsscd

by (flavon/A)"

And then the (]

/r

T he global (I(1)y symmetry which is anomalous can provide a solution to the strong CF problem
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Tetrahedral A, & Flavored-PQ U(1), Symmetry

Field Q1,Q2,Q3 oSt Le Ly, Ly L pe, T N€© S¢, S, 57

Ay 1,17, 1/ 3 1, 1,17 1,1, 1" 1,1", 1/ 3 1,17, 1
Ul)x (=3¢ —r,—2q—nr,—r)2p+7rr—3¢,r,r —9¢—p p+15¢,p+13¢q.p+11q p p+ 25q
1 1 1 1 1 1

) symmetry

Anomaiy—]crec LK i )X—[gravity]i is correlated
with the anomalous ( J(i )X"[SUG)C]Z t}nrough

Axionic domain wall number
Flavor structure
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Tetrahedral A, & Flavored-PQ U(1), Symmetry

Field Q1.0Q2, Q3 ows, Gt Le. Ly, Ly e, nue, T N€© S¢, S, 57

Ay 1,17, 1 3 1, 1,17 1,1, 1" 1,17, 1 3 1,1”7 1
x (=3¢ —r,—2q—r,—r)2p+rr—3q,r,r =9¢—p p+15¢,p+13¢q,p+11q p p+25q
1 1 1 1 1 1

(@) [

= —~ —
r’_'—'_
anoma|ou5

6GS 6 relative prime 56 =13 (1 )X"[‘SUG)C]Z

5,5}85“” - ; :X,mm [t 7:/1,
Anomalqﬁf,—ec 0 = {3-2(=5q — 3r) + 3(6p + 3r) + 3(—=3q + 3r) }q,m,.k
- & 2 )
U( ! )X"[g' awtg] +{—2(27q + 3p) + (3p + 39q) + 3p + 3p + 75¢ }1epton

Anomaly-]cree 0=3-2{(=3q—r)+(=2¢—7r)° ="} +92p+7r)°+3{(=3¢+7r)° +r°+r’}
[U(i)XP +6(—9¢ — p)’ + {(p+ 15¢)° + (p+ 13¢q)" + (p + 11¢)°} + 3p® + 3(p + 25¢)’
Quantum numberr on|9 P|355 role in maicing the [U(I )XP anoma|3-{:rce
r = (-51V367409) q/38  |rational #?!
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Tetrahedral A, & Flavored-PQ U(1), Symmetry

to break the flavor group along required VEV directions and
to allow the flavons to get VEVs, which only couple to the flavons

( )

spontaneous breaking
Driving fields Flavon fields of the flavor symmetry

Field

Higgs fields

Superpotential pH, Hy is not allowed, while the leading terms are allowed gy, VoH,Hgy
gr

—I—A (@l ® 1)1 H,Hy which promote the p-term pieg = gw, (Vo) +97 (P vr /Ay
st

TI‘I@ inflaton Wy can Preclominant|3 clecaﬂ into Higgss (& Higgsinos) through the
first term after imqation, which is imPortant for inflation and lePtogensis, while the

second term is crucial for rclating the sizable K- term with low energy flavor Pl-lgsics
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Tetrahedral A, & Flavored-PQ U(1), Symmetry

Field &l  &F b P O S v

3 3 1 1 11
MCACICO,
0 0 0 0 0 0

Since the flavon fields are the SM gauge singlcts,

a direct coupling to ordinarg quarlcs and IcPtons is Possiblc via Yukawa interactions

Hicrarc]‘\g of the SM fermions

Vacuum conﬁguration
Anomalous gﬂ@[bag

U(ﬂ }XE U( i %(1 X U(ﬁjx.z Axion as a solution to strong CF Problcm and NDW = 1

Conncction between 5trings and the low energy flavor world
(See, 1604.01255)
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Tetrahedral A, & Flavored-PQ U(1), Symmetry

T he most genera] su‘oer‘:’otentia] linear in the clriving fields
W, = & (11 + g0rPr) + (91 DgDg + g2 O ‘1)5)
+ O (93 PsPs + g4 OO + g5 00 + g6 (i)(if)) + g7 Vo (111 U — ,U?I,)
Non-trivial Supen&ymme‘tﬁc Mimima for flavor piﬁysics

Uy

(Or) = — (vp.0,0), (Dg) ; —. (O)=0, (I)= (V)=
\ L / ] \ ! ! ! A} = 5 ! A} L \ L A} L

V2 /2 D V2

Ad X L)(7).

e The scalar supersymmetric W(®, ®s) terms are absent TBM-like pattern
o In SUSY limit, Flat directions In the flavon potential (Unstable)

After flavon and driving flelds recelving corrections,
from NLO terms In the scalar potential, Absolute
® from deviations of canonical kahler potential,
from SUSY breaking effects, and from radiative effects
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Leptonic tetrahedral A, & flavored-PQ U(1), Symmetry

Yukawa couplings

between RH neutrinos S¢ ,, ;

| are functions of flavon ® and Y
SS SS
yi' = yi* (¥, 0)

| ukawa couplings of Dirac neutrino |
are a function of flavon fleld P
S S
| yi =Yi(¥)

yi Lo S¢ Hy + ys L, S6 Hy + y5 Ly S¢ H,

Yukawa couplings

L, o e e e e e\ of Dirac neutrino are
— (Y77 SESE + 57 S SE 4 y3” SEST) W , o .
5 (__h e Y2 POp s 93 5 ;’!_.) a function of flavon P
. H , ... H, . H V — Y :
Yy Le(N°®p)y == + 5 L (N®p)y—= + 45 Lo (N“®p)y— yi =yi(¥)
A / / &, appears in
| . NN S e e 0 R x v ros ~var FA A e
— ( y‘@ (._) + ( j(__) (_) ) ( “\f :\; I_)l + {_ ( ‘\f ‘\; ] 3. (I)._‘:_)"\ Yukawa terms
2 2 coupling LH-leptons to
Ye L€ Hy+y, Ly Hy +yr L 7° Hy RH neutrinos N°¢
|
ukawa couplings of charged leptons @ and d¢ appears in
are d function of flavon fileld P Yukawa terms
Yeur = Yeur(P) between RH neutrinos N€
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Leptonic tetrahedral A, & flavored-PQ U(1), Symmetry

Cabblbo
angle

i Lo S Hy +y3 Ly S Hy + 5 L S5 H,

(y7° 5CSC + 3 S5 S¢ + y3° S¢ 5¢)

4

Y] Le(N“Pr)q \ +yy L, (NOp)1n——+ ys L (N“Dp)q

1 . =y ¢ NTE f 2 /5 e ATC) -
5 (70 © + 95 O)(N“N)1 + a (N°N)g Py

Ye Lee“"Hqg+ vy, L, " Hy+yr L 7 Hy.
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Leptonic tetrahedral A, & flavored-PQ U(1), Symmetry

Tiimugﬂﬁ these Yui@awa coupimgs, the or&marg EM iepions Anomalous current

interact with SM gauge singlet flavon Y@ or® Ji=Xe€yuyse+-

Hermlitlan matrix Is
automatically diagonail

LePton Famflg Leyr, Sepr €u51° singlets under A4

yi Lo S¢ Hy + ys LSS Hy + 5 Ly S¢ H,

1 ‘ ( §58 Q¢ "'r('"
—)(f}l SeSe +y5° S, S + 3”57 S;) v

e H , H, e H
Yy Le(N“®r)a—= +y5 Lu(N*@p)un—= + g5 L (N Pp)u—=
{ : ! Higher dim, operators
_(U(} O + 95 (_))( N¢N®), + ﬂ( NN g Induced by d,
put, kept small enough

Ye Le€“ Hy+y, L,y Hy+ vy L 7 Hy.

Rcsudua! s\gmmctrgj - No domain wall Problcm
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Quark tetrahedral A, & flavored-PQ U(1), Symmetry

A4 trnP]ct
Q1(U°)"1- 02(1'?("1"- Qa(c°);'|l', Non~d|agonal entries, Put
uD-Wpe quark mass mairix on]g 6 Phgslca] Parameters
automatically diagonal CKM~=

(/U ()l u HU + (/( ())r H?J + Uf (;)i 1’-‘ H‘U_. )

01 Q1(D°Ps)1 =+ s QoD s)r 5 4y Qs( D)

Yukawa coupimgs

are a function of flavon @

— U \ ’ Up = Yb -

Dark Matter, Dark Energy and Matter-Antimatter Asymmetry @ NCTS
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Quark tetrahedral A, & flavored-PQ U(1), Symmetry

Q,(US)~1, Q,te)~1+, Qa(cc)~1, Non-trivial next-leading order

up-type quark mass matrix terms driven by © and &,
automatically diagonal provide the correct CKM matrix

— UU (;,) 1 U ‘ H‘H + U(" ()) (?C H u + (ff (l.) 3 7U Hu. )

Hy
A

N (Pedy. 2 . © c
71 @D rh A2 Ha+ s Qa(D"Pr) s A2 + a3, Q3 (D D) g A2

H, A, - H
25 Q) (D Drds )y \-ﬁ + 8 Qa(D By D) 1 + a3 QoD Trs) s \__*’

Yd Q1 (D°Pg)q —\ + ys Q2(D"Dg)1r —\{ + uyp Q3(D“DPg)qn

— —

Tlﬁrough these Yukawa couplmgs, the ord:nar3 SM quark5
interact with SM gauge smglct flavon W or ©

Anomalous current Ju= -+ XyUyuysu+ X4 d YuYsd +

Dark Matter, Dark Energy and Matter-Antimatter Asymmetry @ NCTS



flavored-PQ symmetry A4 X U(1),

AfterFWe& flavor symmetry brcaking, the mass terms

—1

—Ly = qr Mu qr + ¢"F fm Mu’ f]fr{. + (_M{ ("L |:> Charng Ciua"ks ancl lcl:atons

- 1 e A )
T (UE Sr N O 03 e | + h.c. [> Neutrinos
— 04 : 4 e

>
" MASSLESS
” BOSONS
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flavored-PQ symmetry A4 X U(1),

LAY

qE M, qf + ¢ quM(gq;—F( Mty

2 (50
‘s Mps €

Ao

{“._-.

9 M p

.
LW Ty v+ hec.

A —=
— 25X ,2 } M, Si 175 S

Ja2

As 1
— QX}—} My, Ui 15 Vi — = \ (i@ N; — = S idS; — ul 1P v
2 j(fl faz
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flavored-PQ symmetry A4 X U(1),

Tl—:c low energy effective ligl-lt neutrinos become Pscudo-—Dirac Partic|cs It

= diag (my, mz, m3)
% S

iagonalization of - | M|? + | M||6
Diagona WM MW = MIE+ M1
Hcrmltlan matrx ! oot 0

Vo

H?% .'H?Z

TS 2
diag(my, ,my,, m;, ,mg ,m;,

Mass splitting  Am{ = m2, —m}, = 2my |8;| < m3, inthe k-th pair

The pseuéomDi'rac mass spiiﬁing& will manifest themselves
%iir‘ougiﬁ very iong waveiengtiﬁ oscillations

Due to the fact that |AmZ,, | = |m2, — (mZ, +m?)/2| » AmG,; = m2 —mZ > Amj
2 2 2 2 2 2 )

NO: mj, <mj, <mj,, ms, < mg, <mg, Two possn%ﬂe
Mass or&eﬁ'ngs

2 2 2 2 2 2
IO mi, <mj <mj, , mg, <m§, < mg,

Dark Matter, Dark Energy and Matter-Antimatter Asymmetry @ NCTS



flavored-PQ symmetry A4 X U(1),

T he mass splittings are constrained bg

6 X 1016 o2 A\m2Z <1 8 % 1012 o2

for m,, ~ 0.01 eV, from the leptogenesis

and inflationary scenario, 5olar neutrino oscillations (arXiv: 0906.1611)

if we set the initial minima of AD fields to the BN constraints (NPB373,498; astro-ph/9307027)
(almost) Flanck scalc, the ratios m;/ Ami2
could be fixed as Neutrino mass !‘licrarchg in oscillation data

1/2
1_2m __ M} (i)/
CH

6; Am? ~ Hv?sin?p

Using H; =~ 101%GeV,sinf ~ 1,and éy =~ 1,
we obtain §; = 2.95 x 10~ 1*eV

T he chargccl WK interaction for the neutrino Production and detection

i f}' ' [/T(\',I{ Erl\ + ll.(‘.
,00 1

vV, = [,-"Tf-l;', E;., \\-'ith E;', =

¢

& T
8 =M,, =UpynsM,,Upyns
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flavored-PQ symmetry A4 X U(1),

Inthe limity, =y; = 1
T he seesaw mass matrix - . 5 .
sin“f;, = §,sm 0,3 = =,sinB;3 = 0

responaiHe for very iong waveieng‘%iﬂ oscillations 2
|6,] = 3my|F|,|6;] = 3my, |63] = 3m,|G|

1+ 2F (1—F)y, (1=F)ys
M, = moe™| (1= F)yy 1+ 2 (1+ 529 g,y
(1-F)ys 1+ mys (1+5259) 43

S dl
LPX[NS‘\[ff’fLPNI.\'S ’

= % (5 )(m) Fe(ret+1)", G=(re?—1)"

stars are em lo ccl to lacc constraints on t|1c clcca constant
Rlevecics Y

of the N(G mode A, (QCD axion A)

through the A, to electron interaction (axion 4 to Photon and neutron interactions)

M = |9g| x 2.75%1352 x 10° GeV

PV ﬁTA sin?B eV =~ 1.50 x 10~ 43| %ev

~ |§3] >~ O(my)

1 (%24%x10°eV\|_, vr |
|62| ~2.94 %10
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flavored-PQ symmetry A4 X U(1),

Once the mass splittings Am,zc are constrained }39 astronomical-scale baseline
experiments, such as |ce(Cube, (01,, 012,03, 80p) and |8;.| are well constrained through
P 12> Y13, 923,0¢cp k g

AmZ = 2 my |5
Seesaw formula
_— T~

(fixed by the axion clccag

FPseudo-Dirac mpg (or y7) constants)
constraine the neutrino oscillation
( ined by the neutrino oscillati

and the cosmological data
0.06 < kayk <0.194 eV)

at95% CL, Planck Collaboration (2015)

Forthe baseline, 4E / Amgol, atm < L, the Probabilitg of neutrino flavor conversion reads

Mass 5piiﬁing Fiigi‘n% iengl:h
IFAIH& are fixed via model, T~ ~

v-flight-length L Am{ L lceCube

£ _ 2 z2 2
could be determined Pva_"’ﬁ kZ3luak| |Uﬁk| o ( 4 E N7/Ns

yd
FMNS
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Phenomenology of light neutrino

h parameters 5 measured quantities

A2 9 ) 2 ) 18
Y1 Uy v Uy
mop = — - . .
30| \v2A) \V2A,

Y2

Astrophysical
Informations

A

Model prediction: observables

Dark Matter, Dark Energy and Matter-Antimatter Asymmetry @ NCTS
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Axion interaction to Quarks & charged-Leptons

Ag; XU(2),, spontaneously broken Vs Os + Vo Oy
B R o N

(-r'_;,- —+ h,:,') . 0= (l"(—) + f!(_)_) .

v

t“lj )'il‘_ h\.lj . ‘\‘: _g-.” Ly LALILY
:)(- Vg (l + ) . = () ? vy + ‘_12 — ()\[_,

Ug

AN DX AN X VAL O A Y X2
anemalous Anomaly-free

T!'zeu couple to ordinam charged fermions

a—q 0*“4'1 L Y Fo= ] s .
— LT~ ﬁ {)i 1d dY ' ysd + X5 57" y58 + Xip 09 ",-'.-">b} 50, c]ctcctmg them would
0;!*'4'2
2,](.(:2
My, U+ me e+ my tt +mgdd + mg 5s +mybb — Gidq, what can be Probccl
0, A o at accelerators
5}( : {Xr (-_M}'“Af':? € + X,u I_" ﬁ}’”r}'a") H + XT T A;} V5 T}
Ja2

Me €€+ my, jipt +m. 77 — Lid L,

Proviclc a window to

{Xu @y ys5u + Xe ey yse + Xoa dy"ysd + Xos 57755} physics far beyond

+
+
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Axion and Astro-Particle

Since the wcaug couPlcc! NG modes (the QCD axion)

could carry away a Iargc amount of energy from the interior of stars ~ 1/f 4,
the couplings should be bounded with electrons.

Astrophysical lower bounds on f,, can be inferred from axion coupling to electrons
PhY a ping

Apee < 1.5 X 10726 (95% CL)
red giant of globular clusters (arXiv: 1311.1669)
A pee < 6 X 10_27
White-Dwarf (arXiv: 1311.1669)
Jaee < 7.7 X 10712 (90% CL) fo = (6.64 x 10" — 2.04 x 10°) tan 3 GeV , DFSZ
Sun from XENON200 (arXiv: 1404.1455)

fur, 2 (3.98 x 10° — 1.23 x 10'") GeV , FA

Fic > (1.02 x 10* — 3.15 x 10%) GeV, KSVZ

Longstanding anomalg in the cooling of WDs might be cxplaincd bg axions

fa, = (1.4 = 4.3) x 10" GeV, FA

41 %107 Sanee $3.7x107%7 & fie = (3.7 — 11.0) x 10° GeV, KSV7Z

arXiv:1406.7712, 1210.0263,...etc fo=1(24-7.1) x 10” tan 3 GeV , DFSZ
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Axion and Strong CP invariance

T}we N interactions arise only via derivative couPlings » non~linearlg realized global symmetry
U(l): G'— G+ T(constant)

A1 07" fay + A2 05" fa, o= A0 far = A5 fa True

A= |
\/(555 far)" + (055 far)” \/ (695 £..)2 + (698 £,,)> | NG boson

(O1TX(2)|A(p)) = ipy fae ™" O[JX(2)|G) =0

1

Decay ; ( 1 )2+( 1 )2 o ({( )2 (\7 )2 Scale
= re— o — g AU = | A2V, :
constant ** 2 £,1055 2 f120CS d 9} relation

fa= V28" fu = V267" fur

Under the U(1)3; transformation, the axion field A translates with the decay constant F,
A-A+F,a with Fi=fa/N and N =257°65°

[t N were large, then Fy can be lowered signhcicantlg comPared to the symmetry brcaking scale
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Axion and Strong CP invariance

No Axionic Domain-wall Problem

l he current ]t is anomalous, e, itis violated at one-loop by the triangle anomal
7 P ~Y oS Y

GS

51' VA
0%, = o Tr(G*'G )

) 4

2

9s A GS A“ a ajr (] S A a ajy
L. L Go, G = I (g0t 2 o, Go
" (I T ful T faz ) M 3272 (I T F H

3272

47T

an angle 0%5 =6 and 65° =13
of mod 2m “relative prime”

No Z,,, symmetry

at™(A) = —0 7 F "

At low energies A will geta VLYV, ) .
CP Iinvariance

climinating the constant 9, ff term
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Axion and Strong CP invariance

Physical axion “a” = A-<A> is the excitation
with the vacuum expectation removed

At energies far below f,

- Oua 7> a e2 (E\ a
0 ) ,U X ,_\ ,u Vs 5 Cu GG‘HU S .
2 Z Y+ 3y Gl 3072 ( ) F,

Raffelt

Since the SM fields have U(1)g,, charges, a=06F
the axion coupling to photon is appeared through a chiral rotation,
which survive to the QCD scale

Dark Matter, Dark Energy and Matter-Antimatter Asymmetry @ NCTS



Axion and Strong CP invariance

Below QCD scale, where the light quarks have hadronized into mesons

Non-perturbative effects induce a potential for “*A” whose minimum is
at “<A> = _ﬂef'f F_4"

P A
2 .. _ _
i € E 24+z+w)\ a .
_E N = m. a 0—1(.\r,( _+_ h.(:. T — _—— = FWF;W
’ (q%q o " ) 32 (i"\’ 31+z+ U-’) Fa!

dua — .
—— Xy N VY UN
2F1 v VN Ty N i oF,

Axion mass « curvature of the effective potential induced by the anomaly

: 2V (£ 2 m. ::> 1.3 x 10Y GeV
m? = <() 1 (2”1)> _ f’frz Pl Me = 4.34 meV ( ‘ )
da M= gFy Tal+ztw Fy
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Axion and Astro-Particle

Below the chiral symmetry breaking scale, the axion-hadron interactions are meaningful
for the axion Procluction rate in the core of a star
where the temperature is not as high as 1(Ge\

2 / .
E { - —ia, € E 244+z+w)\ a v
_,C_'l = ( mqeqre 4R + h.(l.) — m (A—Y — § R u:‘) F‘A F;!-VF;

q=u.d,s

d,a

L _X‘ : ‘Ar ﬁ.""(_"\-
2},1 UNYN Tl J

Nucleon doublet FA
¥y =(@n)

A hint for extra cooling from the neutron starin the supernova remnant “Cassiopcia A
bg axion neutron brcmstrahlung (arXiv:1405.6873)

Gann = (3.8 £3) x 107" & 7.66 x 10" < F4/GeV < 1.95 x 107

fu, = 1150 % 1012 GeV Fup = 24112 % 1010 GeV

COmbining with |:>

the (Constraints-|

Fy= 130709 x 10° GeV
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Axion and Astro-Particle

9 -
. e (E 244z4w\ a ., =,
_,C,‘_-'l = ( Z mqeqre QR + h.(l.) — ﬁ (T — § 1121 ”.) },_1 }';m}‘l ]

q=u.d,s

dua

_ X?. T e r\3 I‘ .
2f, TN YN

After integrating out the heavg ¥ and n at low energies

1 ~ — —
. W -
Er:';.*,- - 1,(}(.-':.-'1.- (phys F! F;m/ = —Ya~~ Uphys E-B

2w fpm_go,/F(zw) \N 3 1+z+w

i i @ m a E 2 4+z+w
axion-photon coupling g4y, = em a em (_ )

Recent analgsis of the Hb stars in galactic GCs

ma
(arXiv:1406.6053)

.

2.57 x 10" GeV  FA <0.22eV

[garn] < 6.6 x 1071 GeV™' (95% CL) & Fa4 24 3.20 x 107 GeV, KSVZ < 0.18 eV

1.50 x 10" GeV, DFSZ < 0.38eV
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Axion and Astro-Particle

From the C onstraint-|, foo = (14— 4.3) x 101° GeV , FA
longstanding anomaly 41x 107 < agee $3.7x 1077 & ¢ fx = (3.7—11.0) x 10° GeV | KSV?Z
in the cooling of WDs

fp=(24—"7.1) x 107 tan 3 GeV , DFSZ

far = (3.98 x 10° — 1.23 x 10") GeV, FA
From the Constraint—-l,

X , i > ¢ 4 i = 5 1 QN T
axion to electron interactions fr 2 (102 x 107 = 3.15 x 107) GeV, Ks5VZ

fo 2 (6.64 x 107 — 2.04 x 10°) tan 3 GeV , DFSZ

2.57 x 10" GeV FA
From the Constraints-]]  [gay,| < 6.6 x 1071 GeV ™! (95% CL) < F4 = { 3.20 x 107 GeV, KSVZ

1.50 x 10" GeV, DFSZ

Kf-)\/z model might be excluded
DS/ modelis disfavored if Fy = fy /N < H, /21 with N = Ny (tanﬁ + ﬁ) due to Npyy = 6

Fy=1.3070% x 10° GeV

me = 43475 meV & |ga,| = 130730 x 10712 GeV !

Ao = 2.867152 x 107 % cm
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Flavored-Axion : arXiv

Background from Particle Data Group
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(an)]
L
(23]

Axion Mass mp (eV)

KSVZ: NDw=1, EIN=O

Kim (79); Shifman, Vainshtein & Zakharov (80)

L 2 The model
Dine, Fischler & Srednicki (81); Zhitnitsky (80) el
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flavored-PQ symmetry A4 X U(1),

Best-fit value
1512.06856

Planck C ollaboration
2015

Zm,,‘ <0.194 ¢V

50 52

6,, [Deg.|

|6023 —45°| ~ 7°

=2.7x10"15eVZ< Am3 =5x10"15¢p?
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flavored-PQ symmetry A4 X U(1),

11 T [ | [ 1l
52 i ! 52

BH [Deg.] 823 [Deg.]

Am3=5x10"1*evV? > |0,3—45°|~0.5°

=10"1*eVZ > Am3 =5.5x 10"15¢V?
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60TeV < E,, < 3 Pel/ @ IceCube

High energy v-events at IceCube are analyzed in Ref. 1502.02923 TI:—T-= 0.18%)233
S

0.40

<l ] . X
0.35 ] Oscr”atlon
0,30:— ]

0.40
0.35|
0.30}
U_ESE

Pcak

023| ] ato0.18 MPC
020 -

0.15 Jnverted ordcﬁng

0.10}

0.05
0

020"
0.15
0.10+

Track—to—Shower ratio NT/NS

Track—to—Shower ratio NT/NS

Log,,[path length/10 kpc] at 0.65 Mpc

__/ | \w—— Normalordcring

Track—to—Shower ratio NT/NS
I'mack—to—Shower ratio NT/NQ

Log,,[path length/10 kpc] Log,,[path length/10 kpc]

Blue-curved line Am? = Am3 = 10" '*eV2 > Am3 = 5. 5><10'159V2
Red-curved line Amf = Am3 =2.7x10"1%eV2 < Am3 =5 x 10"1%¢
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Conclusion

Motivated by the flavored Peccei-Quinn symmetry model
for Unifging ﬁa\/or Phgsics and string thcorg (1604.0125),

we constructed an cxplicit model bg introc!ucing an U(l )X symmetry
for rather recent but fast growing issues of astro—;rarticlc hysics and cosmologg,
] t

e SM flavor structure
demands additional sterile neutrinos as well as no axionic domain wall Problcm.

tion wit

in a way that the (J(1 )X~[gravitg]2 anomalg~{:rcc con

The QCD axion dccay constant, thr‘ougl—w its connection to the astroPhﬂsicai
constraints of stellar evolution and the SM fermion masses, is shown to be fixed at
F,=1.3070% x 10°GeV

(consccluent]y, m, = 4. 345{:23 meV and |gayy| = 1. 30i%:2% x 10712Gev1).

Wc showed that,

how neutrino oscillations at low cncrgics could be connected to new oscillations
available on high energy neutrinos.
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