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Open Questions in the Standard Model

Fermion mass and mixing puzzle: Why 3 families? How do
mass-mixing hierarchies arise?

How do neutrino masses arise?

What particle constitutes dark matter in the universe?

How is the strong CP problem solved?

What is the origin of matter-antimatter asymmetry in the universe?
How is inflation realized?

How is the Higgs boson mass stabilized?

What is the theory of quantum gravity?



Addressing Open Questions with
Flavor Gauge Symmetry

A framework with a family-dependent U(1)r gauge symmetry
can address many of the open questions

Fermion mass-mixing hierarchies explained by Froggatt-Nielsen
mechanism with the help of U(1)r gauge symmetry

Gauge anomaly cancellation requires presence of right-handed
neutrinos which lead to neutrino masses via seesaw mechanism

An accidental global symmetry is realized within the framework with
a QCD anomaly leading to axion, solving the strong CP problem

The axion is of high quality owing to the U(1)r gauge symmetry,
and constitutes the dark matter of the universe

Predictive framework for baryogenesis via leptogenesis

Scalar fields used for gauge symmetry breaking can serve as inflaton
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Understanding Particle Masses
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Fermion Mass Hierarchy from Gauged U(1)r

e Hierarchical structure of fermion masses and mixings can be
explained with a family-dependent U(1)g symmetry. Usually U(1)f
is assumed to be global, here we demand it to be a local symmetry.

e Order one differences in flavor charges can lead to hierarchical mass
matrices via the Froggatt-Nielsen mechanism.

X\
Lyvue D yjFiFfH < /\FN>

e X is the flavon field, n,-fj are positive integers, Apy is the flavor
cut-off scale with a small parameter ¢ defined as

(X)
=1 ~0.22
ArN

e With all the Yukawa couplings yg being order one observed mass
hierarchies can be explained. Lighter fermion masses have higher
powers of e.

e Eg: (my,me,my) ~ (1,€* €8) v with flavor charges (0,2,4).



CP Invariance of Strong Interactions

Strong interactions appear to conserve Parity (P) and Time Reversal
(T) symmetries, and therefore also CP symmetry. However, QCD
Lagrangian admits a source of P and T violation:

2

32 2 Gy G

Laqcp D 0ocp 52

Chiral rotations on the quark fields can be done, but the parameter

0 = 0qcp + ArgDet(Mq)
is invariant. It contributes to neutrton electric dipole momnent
dy ~ 1071% 9 e-cm.Current limits require # < 1071°, which is the
strong CP problem

Axion is proposed to solve this problem dynamically



Axion Solution to Strong CP Problem

e The Peccei-Quinn (PQ) mechanism, which leads to a light
pseudoscalar particle, the axion (a), is an elegant solution to the
strong CP problem Peccei, Quinn (1977)

e The PQ mechanism assumes a global U(1)pg symmetry that has a
QCD anomaly. This U(1) is spontaneously broken by a Higgs scalar,
and also explicitly by the QCD anomaly term

e Axion is the pseudo-Goldstone boson associated with the U(1)pq
symmetry breaking. The QCD anomaly induces a coupling of axion
to the gluon field so that

2
=25 <e+ )GWG“”

3272

e This coupling in turn induces a potential for the axion field,

V =~
4 cos (0 + fa>

which upon minimization dynamically sets 6 + =0



Axion Quality Problem

Quantum gravity is expected to break all global symmetries,
including U(1)pg. This gives rise to the axion quality problem

For example, a gravity-induced term in the Higgs potential of
canonical axion models (DFSZ and KSVZ),

K :
Vgravity - M7‘¢|4(e,6¢ + hC)

would shift the vacuum value 6 + 2 7=0

Minimizing the potential in presence of the quantum gravity

correction one has

ksind  f?

2v/2 N*Mp N2

For currently favored values of f, = (10° — 10'?) GeV, with A ~ 200

MeV and Mp; = 1.22 x 10 GeV, one finds the limits

rsing < {107 — 10753}

AG ~

This is rather severe, much worse than the strong CP problem itself!

Holman et. al. (1992); Kamionkowski, March-Russell (1992); Barr, Seckel (1992); Ghigna,
Lusignoli, Roncadelli (1992)



Attempts to Solve Axion Quality Problem

e Various ideas have been suggested:

Gauge symmetries leading to accidental U(1)pq Bar, Seckel (1992); Babu, Barr

(1993); Qiu, Yang, Yanagida (2023); Di Luzio (2020); Ardu et. al. (2020); Babu, Dutta, Mohapatra (2024)

Com posite axion Randall (1992); Lillard, Tait (2018); Gaillard, Gavela, Houtz, Quilez, Del Rey (2018);

Lee, Yin (2019); Vechi (2021); Contino, Podo Rivello (2022); Cox, Gherghetta, Paul (2023)

Discrete gauge sym MELrieS Babu, Gogoladze, Wang (2003); Hook (2018)

Mirror world Berezhiani, Gianfagna, Giannotti (2001); Hook, Kumar, Liu, Sundrum (2022)

Extra dimensional SEetUPS Choi (2004); Nakai, Suzuki (2021); Cox, Gherghetta, Ngyuen (2021);

Reece (2024); Craig, Konsgrov (2024)

String theory axion suecek, witten (2006)

e Realizing accidental PQ symmetry from a gauge symmetry is

nontrivial, since PQ symmetry should have a QCD anomaly, but the

original gauge symmetry has no anomaly

e In the rest of the talk | shall present several models with gauged
U(1) and discuss briefly phenomenology of successful models
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General Framework for Gauged Flavor U(1)r
e Flavor charges of fermions:

1 2 1
Qi(3,2, g) =(q1,9,93), ui(3",1, *5) = (u1, w2, u3), d(3",1, 5) = (d1, do, d3),
1
Li(1,2, —5) =(h,h, k), e(1,1,1) = (e1, e, e3), Ni(1,1,0) = (n1, n2, n3)
e Two Higgs doublets (H,, Hy) and two singlets (X, S) are used, as in

DFSZ axion model. The additional singlet is needed to break the
U(1)r gauge symmetry. X acts as the flavon.

1 1
Hu(1,2,5) = by, Hy(1,2,=2) = hg, X(1,1,0) = ax, S(1,1,0) = gs
e Yukawa couplings:

u

d ¢
Y X0\ i P X0\ i .. X\ "ij
;i Qiu; Hy Arn +y; Qid; Ha . +yjLiefHa

ArN

Lyukawa

v

N
"ij " X\ i
+y’j MNN,'NJ' _— + h.c.
ArN
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Lo (X
+  yy LiNjHq Arn
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Anomay Cancellation

e For U(1)F to be gauged, all six anomaly coefficeints should vanish:

AISUB): x U)F] = D0(2ai + v+ d) =0,
AISUQ)L x Ul = 3> 0(3ai+ 1) =0,
AUy x U] = % > (i + 4ui + 2d; + 31 + 6¢;) =0,
i
Al(gravity)’ x U(1)rl = > _(6q; + 3u; + 3d; + 2/ + & + n;) = 0,
AlU()y x UQ)E] = i(q? —2 4 d>— P te) =0,
AUQE] = z’:(ﬁq?+3u,3+3d,3 +2P 4 +n’)=0

i

e Charges should also satisfy:
qi + uj + hy £ qx njj =0,

qi+(jj+hdiqxn;:07
li+ej+hdiqxn§':07
Iy +n; — hg + qx nj =0,
n,-+nj:i:q)<n9-l:0
e Nontrivial to find solutions to anomaly conditions and desired
fermion mass matrix structures
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Emergence of Axion

Among 4 complex scalar fields, a single cross coupling is allowed:
HyHgS"(XU))k

V D —Aus
Thk—2
Mg

+ h.c.

(n, k) are positive integers with values (3,1) preferred.

Two phases are eaten up by Z and Zf, one phase gets mass from
potential — the pseudoscalar of 2HDM — and the 4th phase remains
massless — axion

Axion is orthogonal to two Goldstone bosons eaten up by Z and Zf
and the pseudoscalar from the Higgs doublet:

a= Z Kana

a=u,d,X,S

7; are phases of the fields and

K = Mal(nand F kasid),
Ki = Nyvavi(ngxvy F kagsvi),
Kx = N,yvx (qs v;(vu2 + v§) —n(h, + hd)vuzvj) R

Ks = N,vs (ik(hu + hd)vsvj — qxv)z((vf + vg))



Explicit Model 1

e Flavor charges of fermions and scalars:

13 8 8
(a1, @2 5) = (1,0, ~2), (uf i, u) = (3,0, —2), (d, . df) = (—?5,5),

2 16 5 8 8 7
(/1,/2,/3) = (g ?’*g) s (elcyezc:egc) = (*57*57 5) ) (nl,n2,n3) = (4’*67*1)
13

2
hy =4, hg=—=, =1,gs = ——
u d 3 ax as 9

e All anomalies cancel. Fermion mass matrices:

g o &8 et 8 & et et g
L=qg" & & & |uHo+q| & & 2 |dHg+I"| 2 2 & |eHy
e 2 1 e 11 e &1
=4 66 e . E—B 2 =3
+1T &0 1 & | 'NAg+ N[ 2 2 & | NMy + hc.
6_3 57 62 =3 67 62
e Mass and mixing hierarhcies explained:
Av o Ae Ae A
Ae~ 1, ! ~E @ Vsl e Vol ~ L Vi~ E

Pulat Vil A i D =



21 2 13 7
(g1, 92, q3) = (—5,5,—5)7 (uf, uy, u3) = (— 373 ,—5)., (dy,dy,ds) =(2,4,4),
4 7 7 e . 8 20 26
(/1»/2»/3) = (*51*5; 5); (81’62’33) = (g»E’?)» ("17"2,”3’"4) = (*2~,*6’*6»8)
19 16
hy =0, hg=——, =1,gs = — —
u d 3’ ax as 9
e All anomalies cancel. Fermion mass matrices:
&8 &> &3 &> &3 &3 e° 5 €
Ly D QTH, [ &7 & @) u +Q Hy|e* &2 2| d+LTHy[eb & 1]
s g? 1 &2 1 1 e &2 1
4 8 8 —6
;e = 5 5 g3 is :12 12 ;2
+L'H |22 2 &2 ER|IN+FMN| 5 "1 T o | N
=2 2 2 =12 g g =5
€ € € € =6 2 =2 =16
e Mass and mixing hierarhcies explained:
A A A A A A
Al Dl 203 T 2 Vil e [Vl ~ € Vil ~
Ac Ae Au As Ar

Model 2

e Flavor charges of fermions and scalars:

7
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Model 3

e Flavor charges of fermions and scalars:

5 1 7 5 1 7 52 2
(@) = (-3 -3 @) = Go-3.-9). @) = (3.3.3).

3733 373
52 2 5 1 7
hyh,B)=(=,2,=), (ef,e,e)=(=,—=,—=), (m,n,n3)=(—6,—9,—10
()= (5.3.3) (e =(Gmg.- D). (momm) = (~6.-9.-10)
Lo, 14 L 25
u= 30 d 3’ ax = 1,4s = 0
e All anomalies cancel. Fermion mass matrices
g &8 & e & & g8 &
Ly DQH, | & & & |u+QHy| & & & |d+L"| & & &
2 2 1 & B & S 2
89 12 57 812 815 &:4
+LTAg | e B B N+ MgNT [ B e & | N,
10 13 56 8_4 = 5—20
5—4 56 e } =8 2 6_3
+17 &% 1 2 |'NAg+ N[ 2 2 & |-NMy + hc.
& el &2 & el &2
e Mass and mixing hierarhcies explained:
Ao A A A A A
Al ot 203 T L L2 Vil e [Vl ~ € Vil ~ €
Ac At Au As Ar Ab
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Neutrino Sector: Model 1

e One quantitative prediction for neutrino oscillation parameters:

d 0 b 0o M M
mo~| 0 1 0 |ave, Me~|[ M 0 0 |,
c 0 a My 0 Ms
B 4 B
M= v v «
1

e Cofactor of (My)zg is zero: Liao, Marfatia, Whisnant (2014)
M(lvl)M(3=3) _ (M(1=3))2 —0.

v v v

e This leads to a consistent prediction. If we choose input as:

M =0.0307 eV, {o,B,7,7'} = {—0.717891, —0.2923,0.7812,0.0184}

we obtain:
{my, my, m3} = {0.00234, 0.00893, 0.05071}eV,

{sin® 01, sin’ 03, sin® 013} = {0.343,0.407, 0.02235}.

Aml, =mi —ml =7.42x10 %eV?, Am’, =m)=2492x 10 eV’.
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Axion Quality in Gauged U(1)r Model

Axion of the gauged flavor model is of high quality. The lowest
Planck-induced operator that violates PQ symmetry is

$9X13

V> M%)Bl

This leads to extremely tiny shift in 6.

Since the Froggatt-Nielsen flavor scale is of order f, ~ 10! GeV,
one should UV-complee the flavor model and see if axion quality is
preserved with new fields introduced.

We have UV-completed the model with new scalar doublets which
acquire induced VEVs, suppressed by powers of e.

Axion quality remains robust under the UV-completion, as shown
next.



UV-Completion: Charged Fermions

ug(ug) H, us X* H,
2 2l : L
PR HY v g» »
- €---<4-- X* -d---f-—4---¢€-- X*
. i >
Q2(Q3) X* @ X X
ug(uf) X* X* H,
ooy m” yaP
-d---L-q---}-€--¢a-- X*
A w
@Q1(Q3) X X
e dg,s(efg) Hy
di(ﬁ,z) X d ( 8) .
2 : 3 /’ 3 /,
mly ) 2 By Ay
A >, h
1 AR \\
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UV-Completion: Neutrino Sector

»
-3

/ NOTNCD  N@ TN A NG NGy,
Ly X* X
H, * N

N

«s

/ N‘(O) NE’) N?n N(Tl) é NTQ) N(TZ) NT3) N(:’i)
X* )

!
-3

Ly
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Loop Corrections to

g
x= S5 * s x+
X RN y 4 ¥ —_X*
X* P @ <&
\\ ( (-1) A} H(U) N
: [T K N
X PN HP N X
X oy HE a0 el
" Ay v L%
. AH, 0 T X LI R HM X*

5% ---;-,/4-./' P S
s A A
5+ ! ' g
Xx* X*

e Loop diagrams may induce additional shifts in 6 with lower powers
of Mp; suppression

: InApn/Ma, \> $°X2 [ X \ "
Vlnd H A h.c.
pa 2 < 1672 v, \Aen) 7€

e These diagrams do not upset the strong CP solution
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Loop Corrections to

5
X
S
N
X % X
N »
—"’ “‘~
X X
X --e s X
7 ww
x '
/! o Y\
X . X
X X
e Tilt in axion potential:
9 13
Vj;%d D ! 75 X +h.c
2 M9 AT N2 -G
1672 Mp, Aoy My,

e Consistent with axion quality
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Axion Quality and Dark Matter

All QCD axion models lead to degenerate vacuua owing to a Zy
symmetry that is respected by the QCD anomaly. This results in
topological structures called domain walls, which are potentially
dangerous cosmologically

When domain wall number Npy = 1, the wall is not cosmologically
stable and thus harmless Sikivie (1982)

When axion is a mixed combination of fields in presence of a gauge
symmetry, Npy needs careful consideration:

1
Npw = minimum integer { 7 g nicvi, nE€Z%, a= Z Ga;
2
! 1

Ernst, Ringwald, Tamarit (2018)

In the present model, there are 3 flavors, but Npy = 1 nonetheless.
The domain wall is another source of axion production in early

universe. Range of f, for the right axion dark matter abundance is
Kawaskai, Saikawa, Sekiguchi (2015)

fo = (4.6 —7.2) x 10" GeV
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Successful Models with High Quality Axion

n| k gs High Quality | Axion DM

311t ] -31/9 v 4

3117 | —25/9 v v
n k gs High Quality | Axion DM
3 1+ 16/9 v v
1| 17,27,37 | 22/3, 25/3, 28/3 v X, XX
2 2~ 25/6 v v
3 1~ 22/9 4 4

nl k gs High Quality | Axion DM

3|1t | —31/9 4 v

3|17 | -25/9 4 4
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Axion as a Flavon

e Since axion arises from a family symmetry it has tree-level flavor
violating couplings to fermions

e An important parameter is

(5) _vs

r=-—- = —

(x)  wx
For r > 1 is primarily a flavon leading to FCNC

e Most stringent constraint from K+ — 7 + a decay:

2
f, 2 (4.1,5.0) x 107GeV = [(a.5)6(€)|

n (g% + qr?)

Flavaxion models (global): Calibbi, Goertz, Redigolo, Ziegler, Zupan (2016);
Ema, Hamaguchi, Moroi, Nakayama (2016)
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Baryogenesis via Leptogenesis

e CP asymmetry in decays of N fields can be estimated. In Model 1
resonant leptogeneis arises:

0 Ml 62 M263
MN = M1 62 0 0
M2€3 0 M362

e CP asymmetry in N; — L + Hy decays:
m(YjV)3 (M3 — MR)NT,
(VY )11 (Y Y, )22 (M2 — M2)2 4 2T

€1 = 62:61(192)

128 M3 M
€1~ — 71111(3 c)e 62
A2 (Ml2 — M32)2

e 8 suppression leads to right order of baryon asymmetry
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Axion Couplings to Fermions

RGB in GC exclusion
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Axion coupling to electron and Photon

102
SN1987
lo-13 Stellar Evolutionary Hints 15+°*"
o
s 2 Comect (), & &
0 et
10-14 o
10°15
- 16|
10 101 o

|2a|[GeV™']
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High Quality Hybrid Axion in SO(10) x U(1)
e Unified SO(10) x U(1) where U(1) is a gauge symmetry, can lead to
high quality axion

e The attractive features of SO(10) GUT are preserved, including
coupling unification and predictive fermion spectrum

e The fermion content and transformation under SO(10) x U(1):

{3x16;+1x10_6+1x 1} +{2x1 4+1x1g}

e All gauge anomalies cancel.

A[SO(10)* x U(1),] = 3x2x1+1x1x(—6)=0
Al(gravity)? x U(1),] 3x16x14+1x10x(—6)+1x1x1242x1x(—4)
1x1x8=0

I+

3x16x (1)° +1x 10 x (—6)° +1x 1 x (12)° +2 x 1 x (—4)°
1x1x(8)°=0

Al(U)a)’]

+

e This is the simplest U(1) model that can be gauged with SO(10).
(Some resemblenece with Eg.)

e Such a model automatically has an axion which is of high quality.
29



Hybrid SO(10) x U(1) Axion

e Higgs sector contains the usual SO(10) fields and two singlets:
{100(—2) +1264(—2) + 454(0) + 101(0) + T(141) + S(112)}

e New features are the two singlet scalars T, S and a real 10},. The
10}, is needed to avoid weak scale axion: V' O HH'T2.

Fermion S0(10) gauge U(1), global U(1)
irrep charge charge
[N 16, +1 +1
F 10 —6 0
X 1 +12 0
Nio 3 1 (—4,—4,+8) (0,0,+2)
Scalar S0(10) rep U(1), charge global U(1)
H 10 —2 —
H’ 10 0 0
A 126 -2 -2
T 1 +1 +1
S 1 +12 0
A 45/210 0 0
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High Quality SO(10) Axion
Yukawa couplings:

Lyvae = Y101616104 + Yi261616 WH + }/1010761076512
(%)
Mp)

Realistic fermion masses are induced, including exotics

+  ¥1010_61 104 + 112157 + ....hc.

Model has two decoupled sectors, one with 16-fermions, and one
with 10-fermion. This results in accidental PQ symmetry

Leading correction to PQ symmetry from gravity is
T125*
e,

VD>
Resulting shift in @ is

14 144 v2
Ksind fv (my + mg)? vz

(12)1210/2 MR,y m2 £2 my mg 144 v2 2
14 Y

This is highly suppressed. f, < 7 x 10™ GeV (1.5 x 10! GeV) is
required for quality, consistent with dark matter density of axion.

AG ~
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10
1
-
= 0.100
2 .
0.010 "
0.001 '
108 10° 1010 10M
fa (GeV)

Orange points satisfy axion quality. Shaded band corresponds to the
correct relic abundance of axion dark matter. Uses domain wall number

Npw = 1 in the model.
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SO(10) Axion Phenomenology

e Axion field is orthogonal to pseudoscalars and Goldstones

fa

X

144v2v?
X

N 144v2v?
v
8 X

= ViV HaP (VI H V) +16VIV]

1

1/4/1+

(775 — 12vTvsv27]T/X) + ...

e Axion couplings to fermions and gauge bosons are defined as

£t 5

a Cuy

8T f,

Qs a a ~a, v
=G, 6T

. dpa —
Fo B 4 Cor 22 (FyMsf)
8 fo m +af2fa(’Y’Y5)

where f = e, p, n.

e The coupling coefficients are:

Cor

Cap
Can

Casea

Cae

E
= — —1.092
N

= —047+0.88c"—039¢)— Cyoen
= —0.02+0.88c]—0.39¢" — C,ccn
= 0.038c) +0.012 ¢ + 0.009 ¢ + 0.0035 ¢}

=@ 2 E  (B) Creaneg (S
- 472 | N 08 me we08 me
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SO(10) Axion Phenomenology — cont.

e In the SO(10) model the coefficients are

24r 302 [E f, GeV
Co = —F 4422 | Eoe (1) —1.02108
2 T+ 1aar e T a2 [N Og(me) Og( e )}

(20.75K, — 10.49K.)

Cop = —047+

1+ 144r

r
—0.02 + ——(19.99K. — 9.73K
1 + 144r( ¢ u)

O
g
I

Here we have defined

K = v+ 2V 4

e =

v2 v2

e K, has a range (1.5 — 2) corresponding to ¥ = V,, and V < V. The
value of K, can be much smaller, with an upper limit of 0.5
(corresponding to ¥ = v,). This gives a range C,. = (0.25 — 0.33)
for r=v2/v2 = (0.1 -1).

e As r — 0 model approaches KSVZ axion. For r > 1, it is similar to
DFSZ axion. In fact, the model is a hybrid version that interpolates
between KSVZ and DFSZ models.
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Hybrid Nature of Axion

-0.2
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Cae
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-0.1
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Model interpolates between KSVZ and DFSZ-I models.



Axion couplings in SO(10) model

10.04

10.02

gor = 2 Cor, & L
f = — f = —_— fr—
a f:? af » ag 2t ) ay 27Tf:a
1.x108 1.x10° 1.x1010 1.x10M
0.04 - DFSZ-I
S o02)
[}
O]
= 0
S Ksvz
)
3 -002f
() DFSZ-I
-0.04 |
1.x108 1.x10° 1.x1010 1.x1011

f,(GeV)
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. L Moo diallu, L‘I..‘.H LmHl.ﬁu s Lesdvrihindda
-0.8 |HIII“

108 10° 1010 10"
f,(GeV)

Proton-axion coupling
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10° 10° 10" 10"
f(GeV)

Neutron-axion couplings
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Conclusions

Several classes of models presented which have an accidental PQ
symmetry

Npw = 1 in these models for domain wall number, causing no
cosmological issues

Flavor gauge symmetry framework can address many of open
questions

Axion couplings to fermions can potentially distinguish these models
from standard benchmarks
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