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LThe problem of flavour

The flavour problem

> Why are the masses of fermions are hierarchical among and within three
families with the charged lepton masses being of the same order as
down-type quark masses?

» What is the origin of quark-mixing?
» What is the origin of neutrino masses and mixing?

» This decade (2012-2022) is being dominated by flavour anomalies in
b-quark transitions (b — sl and b — cvl).



From flavour to dark matter

LThe Froggart-Nielson mechanism

The Froggart-Nielson mechanism

Solution

> An abelian flavour symmetry U(1)f is added to the SM in such a way
that only top quark acquires its mass through renormalized operator.
Froggatt and Nielson1978

» Thus masses of fermions are recovered through higher order effective
operators having the following structure :

0= Y(%)(e’w’)@iwﬂj,

where y is the coupling constant, and x is the flavon field.
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The ZN x Zy flavour symmetry

A new solution

» The Zn x Zyv flavour symmetry provides a realization of the
Froggatt-Nielson mechanism where one does not need to impose a
continuous U(1)r symmetry.

Int.J.Mod.Phys.A 36 (2021) 2150090, G. Abbas

» For achieving this goal, we need a complex singlet scalar field x which
behaves under the SM symmetry as,

x:(1,1,0),

and impose the Zx x 2y flavour symmetry on the SM.

» The masses of the three fermionic families appear in terms of the
expansion parameter e = (x)/A.
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The 2N x 2y flavour symmetry

The following Lagrangian provides masses to the charged fermions of the
SM,

- L

(5] yeas gt + [X]% vidnovs

+

[X]" it st + Hic. (1)

YOl gvh + Y70 ouf, + YidLevs + He.,
where the couplings Yj are the effective Yukawa couplings given by,

0 _ o,
A \[/\_ << 1.

= y;e", and
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The Zy x 2y flavour symmetries

The minimal Zy x Zyv symmetry

Fields Zo Zs5
UR, CR, lg + w2
dn,Sn,bn,en,,un,Tn - w
Ve/:;a VHFI’ 1/7-R - (JJ3
¢2 + w
¢f + | W
wf + | W?
X - w
%) + 1

Table: The charges of left and right-handed fermions of three families of the SM,
right-handed neutrinos, Higgs, and singlet scalar fields under Z, and Z5 symmetries,
where w is the fifth root of unity.

Int.J.Mod.Phys.A 36 (2021) 2150090, G. Abbas
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The ZN x 2y flavour symmetries

The minimal Z, x Zs5 symmetry

) _ _f

In terms of expansion parameter ~~-- = —— = ¢, the fermionic mass
. A V2N
matrices are,
4 4 4 d 5 d 5 d 5
v Y11 62 ,V1uz€2 }’1us€2 v YLWS }’1(1253 }/1‘1363
My = E Y3€  Yae  Yme |, Mp = ﬁ Y21€7 Y€ Ya3€

u u u d d d
Y31 Y32 Y33 Y31€  V3€  Ya3€
(5 65 65
v }’1e1€3 %@263 }’16363
M= 7\@ Y225 ,Vzlgf Y2L§5
Y31€  Y3€  Ya3€

where ¢ = 0.1.
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The ZN x 2y flavour symmetries

The minimal Z, x Zs5 symmetry

The masses of fermions approximately are,

{m[a me, mU} = {|y§3|7 ‘yZUZ| 627 ‘Y1u1 i 64}‘//\/55

d d| 3
{mb7m37 md} = {|y33|65 ‘yZZ‘ €,

vh|Ev/ve,
{my m., me} = {|kle. |yhe| "

vh|Ev/ve,
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The ZN x 2y flavour symmetries

The minimal Z, x Zs5 symmetry

The quark mixing angles approximately are,

sin 912 ~ | Vus|

sin 923 ~ |Vcb|

sin 913 >~ | Vub|

~

~

d u
Yie Y12

2
d u ’
Yoo Va2
d u
Yo3s Vo3| 2
d u €
Yaz Va3

d u ,,d u
Yis  YioYes Vs

d u \,d u
Y3z YaoYaz Va3
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The ZN x 2y flavour symmetries

A non-minimal Zy X Zy symmetry

Fields 2o Zg
Ug, tr + 1
Cr + w4
dn,SR,bn,en,un,Tﬁ - w3
Vers Vug + | B
Vrg + w’
wz + w
vt e
wf + 1
X - w
%) + 1

Eur.Phys.J.C 83 (2023) 4, 305, arXiv: 2208.03733, V. Singh, N. Singh, R.
Sain and G. Abbas.
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The ZN x 2y flavour symmetries

A non-minimal Zy X Zy symmetry

The mass matrices for up and down-type quarks and charged leptons turn

out to be,
u 8 u 6 u 8 d 7 d 7 d 7
v Y11€8 }’1254 J’13€8 v YUes }’1(}265 J/1ds€5
_ u u u p—
My = 7\@ Yor€ }’2254 Yaz€ 7Md—7\@ )/%1163 }’2(1253 y%363 )
u u u
Y31 Vae€ Y33 Y31€  Y3€  Ya3€
¢ 7 67 67
v Y1Z1€5 }’1e2€5 }’1£3€5
M, = 7\@ Y216 Y€ Yo3€

¢ 3 0.3 0 3
Y31€" Y€ Ya3€
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The ZN x 2y flavour symmetries

A non-minimal Zy X Zy symmetry

The masses of fermions are given by,

{mfa me, mu} = {lyéj3|7

u 4
Yooe |,

yhe|pv/ve,
{mo, ms, ma} = {1y, [v&| &, |yt |T1v/v2,

{mra mua me} =~ {|Y3l3|63: ’yéZ‘ 657 ‘%’1 ‘ 67}‘//\/57
where ¢ = 0.225.

The quark mixing angles are identical to that of the minimal symmetry.
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The scalar potential

The scalar potential of the model can be written in the following form,
V= =200+ M) — 12 X" x + A (X )2+ (0 X%+ Hee)) + Ao (X X) (@7 0).
We can parametrize the flavon field by excitations around its VEV,

_ f+s(x)+ia(x)

V2 ’
The minimization conditions can be written in terms of the scalar and
pseudo-scalar components having the following masses:

Ms = /iy — 2p = \/ A f and my = +/—2p. (3)

x(x) )
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Flavour observables

_ Im{K°|Hg 2 |K®)

K Im(KO HE 2| KO)
M. Bona et al. [UTfit Collaboration], 2008

The new physics contributions to neutral meson mixing can be written as,

— 1'12+0.27 CAm — Re<KO|H§fF:2“:(O>
—0.25> K Re(K°|HSA,\',T:2\KO>

=0.9375 .

MK = (M5 Vo (14 ho.sce”7025 ). (4)
Observables Phase | Phase Il Ref.
hy 0-0.04 0-0.028 PRD 102, 056023, 2020
hs 0-0.036 0-0.025 PRD 102, 056023, 2020
hk 0-0.3 PRD 102, 056023, 2020

Observables | Current LHCb-I LHCb-II CMS ATLAS
R ~70% ~34% ~10% ~21%

where

BR(By — utp™)

R = BR(B,  ptp)

= 0.039"9 0005 b0 (5)

LHCb 21
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Bounds on the flavour scale

104 10*
_10% __ 108
- S Cege Ux=0.5)
é é Ceye (=)
o 102 D 102 G tix=4m)
10! 10!
10! 10? 10° 104 10! 102 103
m,(GeV) m,(GeV)
(a) (b)
Figure

104

DA



From flavour to dark matter

Bounds on the flavour scale of the Zy; X 2y symmetry

Bounds on the flavour scale
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Bounds on the flavour scale

6 6

10 rznz)| M0 R Zon )

b-I1

Current bound 18 J

— [LHCb-1]
101 1 2 3 4 5 6 101 1 2 3 4 5 6
10 10 10 10 10 10 10 10 10 10 10 10
my(GeV) my(GeV)

(@) (b)
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Bounds on the flavour scale

Observables Current sensitivity Ref. Future projection Ref.

BR(u — ev) <42x10° T MEG 6x10° ™ MEGII

BR (1 — )™ <7x107" SINDRUM I - -

BR (1 — &) — - 3x 107" COMET Phase-
BR (1 — ) — - 6x107" COMET Phase-ll
BR (1 — e)™ - - 6x 10717 Mu2e

BR (1 — ) — - 3x 1078 Muz2e II

BR (1 — )” - - 2x 107" DeeMe

BR (1 — &)" ~ 1072 - 10""®  PRISM/PRIME

Table: Experimental upper limits on various Leptonic flavour violation (LFV) processes.
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Bounds on the flavour scale
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Bounds on the flavour scale

2 3
) S
G Gt > ]
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From flavour to dark matter

The Zy x Zy flavour symmetry can be used to show an entirely novel
scenario where a solution to the flavour problem and the dark matter have the
same origin by writing the potential,

N

_ v X
V=-Ad tHe, (6)

where N is the least common multiple of N and M.
The masses of pseudo-scalar particles are now given by,

m = %\A\N%N—“f?. (7)

For getting the right dark matter density, the mass of the flavonic dark matter
is given by,
a7
ms = 0.88 x 10'® (e ‘4N4?) eV. (8)
0
arXiv: 2303.10125 [hep-ph] A. Adhikari, E. J. Chun and G. Abbas
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From flavour to dark matter

For instance, we can use a model based on the Zg x Z», flavour symmetry,
where the mass of the top quark is forbidden at tree level.

Fields

Z

22

Fields

8 Zg Zoo Fields Zg Zoo Fields Zg Zoo Fields Zs Zoo

ug w Ww? Cr WO WP tr Wb | WP dg B WP SR P

br A 'z;i"zy1 | W' Y, w | W® U’f,s U 1/){)1 W w?

Wi WP W? Vg G| W er Wt | W' LR O | W TR W WA
Veg w? 1 Vg S| WP Vrg W | Wt X w w H 1 1

Table: The charges of the SM and the flavon fields under the Zg

where w is the 8th and 22nd root of unity.

X Zop Symmetry,

arXiv: 2303.10125 [hep-ph] A. Adhikari, E. J. Chun and G. Abbas
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From flavour to dark matter

The masses of charged fermions approximately read,

{mfamcamu} = {|.yé13|€7 ‘y£2’647 |y1u1’eg}v/\/§7

{ms, me, ma} = {ly5le%, |v&2| .|yt | Thv/v2, ©)
{m-, m,, me} ~ {|ysale’, }’2’2‘ e, v ‘ Clv/ve.
The mixing angles of quarks are given by,
d u d u
sinOrp ~ [Vis| =~ |12 = V12 ¢ gingpg ~ Vo] ~ |22~ Y231 2 (40
Yoo Va2 Va3 33

d u ,d u
Yis  Yi2Yas Vi3

3
€ .
d u ,d u

Yz YoYas Va3

R

sin 013 ~ |Vub|

where ¢ = 0.225.
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From flavour to dark matter

> For the flavour symmetry Zs x 222, we have N = 88 leading to
f~1.0x10"GeV, and m, ~ 1.9 x 10 > eV, (11)

considering e = 0.225 with |A\| =1 and a, = 1.

» For the longevity of the flavonic DM, its decay to electrons has to be
forbidden, that is, m, < 2me which requires

N>53, and f>4x 10" GeV. (12)

» The most stringent bound on the flavon scale f comes from the FCNC
process K™ — 7™ a Bjorkeroth et al 2018

f>7x10" V£ GeV, (13)

where we have Vg ~ .



From flavour to dark matter

Flavonic dark matter

From flavour to dark matter

Flavonic DM

40 -
N <53, my<2m,

20

107111070107 107 107 10 10° 1074 107 1072 107" 10° 10' 10> 10 10* 10° 10°

m,(eV)

Figure: The allowed mass range of flavonic dark matter for a range of N. The light-blue
region is ruled out by the constraint my < 2me.

arXiv: 2308.14811 [hep-ph] A. Adhikari, E. J. Chun N. Singh and G. Abbas
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From flavour to dark matter
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Figure: The prediction of flavonic dark matter (thick green line) and axion-like particle
searches taken from C. Antel, et al 2023.

arXiv: 2303.10125 [hep-ph] A. Adhikari, E. J. Chun and G. Abbas
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Summary

The flavour problem can be addressed in the framework of the 2y X Zm
symmetry symmetry.

So far two flavour physics of two proto-type symmetries (22 x Z54 ) is
investigated.

The flavonic dark matter model predicts specific axial flavon coupling to
photons which is mostly far below the standard QCD axion DM region,
and limited by X-ray searches to m, < 1 keV and vr > 4 x 10'? GeV.

Thus, there appear no observable consequences in flavour
phenomenology.

Only a limited region of parameter space around m,, ~ meV could be
probed by the future radio searches.
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