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Towards a world without miracles

Approximate Reality:
cosfc —sinfc 0
my, =0, my ~0, Vekm = | sinfc  cosfc 0
0 0 1

The zeros are unrelated accidents in the SM.

Rule of Attraction:

1
(No. of miracles it needs to work)”

Attractiveness of a theory o

The value of ‘n’ depends on personal taste!

We will use D, flavor symmetry to reduce the no. of miracles
(hopefully!).

“ True beauty comes from symmetry, not chance,
As those move easiest who have learned to dance. ”



D, basics

“Symmetry is what we see at a glance; based on the fact that there is no reason for any
difference..."

D, has five irreducible representations: 14,1, ,1_,,1__ and 2

We pick a basis such that the generators in the 2 representation are

given by
0 -1 1 (0]
Y B PR
ais of order 4 and b is of order 2.

In this basis, the relevant tensor products are obtained as

X1 N
=2,
© [x]yz 4 JCzyl]l,Jr (%) [lel = x2y2]1+, , (2a)
s @1y = Llug, (2b)

[xlyl aF 362)/2]14r+ ©® [lez = Xzylh,,

where 7’ =r-r' ands” =s-§.



D, symmetric 2HDM



D, symmetric 2HDM

Quarks transform in the following way under D; :

2 . (0)] P1R niR
Q] P2r » | mer|’
i+ @ s, 1__ : psg, 14 : mag,

where
T — (”"L> k=1,2,3.
Mg,

We also have two SU(2); scalar doublets transforming under D; as follows:
é1| .
{ ¢J . 2
Yukawa Lagrangian that follows from the symmetry:
- % = Au(@ﬂi;z — Oz<51>p3R + By Qs (6131171}? + 432sz>
+Ad<él¢2 + OZ¢1> nsr + By O3 <¢1 nmr + ¢2n23> +h.c.,

Just as many Yukawa parameters as there are nonzero masses. Only extra
parameter available to fix the quark mixing is tan 8 = (¢2) / (¢1).



Mass matrices and rotations



Mass matrices and rotations

The mass matrices that follow from the Yukawa Lagrangian:

1 0 ] Auls 1 0 0 A
M,=—1| 0 0 —Awnm|, My=—1| 0 0 Awnl, ©®
\/E Byui  Buve 0 \/E By By 0
where (¢;) = v;/V/2. The diagonal mass matrices can be obtained via the

following biunitary transformations:

Dy = Vi - M - Vi = diag(mu, me, my), (4a)
Dy = Uy - My - U} = diag(myg, ms, my,) . (4b)

The matrices, V and U relate the quark fields in the gauge basis to those in
the mass basis as follows:

ur,= Vi pr, ur = Vr pr, (5a)
dr = U ng, dr = Urng, (5b)

The CKM matrix is then given by

Vam = Vi - Ut (6)



Quark sector at the zeroth order

The matrices, V; and Uy, can be obtained by diagonalizing M, M, and MdM;

respectively:
1 Ai 1/22 7Ai 1282} 0 1 Aé vz2 Alzi’vl |2 0
MM, = 5 —Lnw AV o |, MM = 5 A, A o |, @
0 0 B 0 0 Biv?
To diagonalize the above matrices, introduce
cosfp  sinf 0
Ug=|—sinf cosp 0], (8)
0 0 1
and check that
Di, = Us - (MuM}) - U} = diag (07Aiv2 /2, B5v* /2) : (9a)

D3 = U} - (MyM}) - Us = diag <O,A§v2 /2, B2? /2) . (9b)



Quark sector at the zeroth order



Quark sector at the zeroth order

Thus, we can identify the masses of the physical quarks as

1 1
moq=0, m = EAi,dUZ, m;, = EBi,dUZ- (10)

Also, comparing with the definitions in Eq. (4), we can conclude

V= Us, U.=U}. (11)

Using Eq. (6) we can now easily calculate the CKM matrix as follows:

cos2B sin28 0
Vekm = Ug - Ug = | —sin23 cos28 0] .
(0] (0] 1

(12)
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One can now identify the Cabibbo mixing angle as

sinf¢c = sin 28 =~ 0.22. (13)



Note on the scalar sector

v o= ik (8lr) — 18 (0hn) — e (6102 + 6l ) + M (61 + 0len)’
+2z (]2 - ¢§¢1)2 + 2 (0102 + ¢§¢1)2 +a (6161 - ¢;¢2)2 a4

The D, symmetry needs to be softly broken in the bilinear terms so
that general values of tan 8 can be allowed.

The physical scalar masses (assuming alignment limit) are given by

m; = 2(\ + )V, )
2 2
- si]f;ﬁ +2(As — Xa)V?, (16)
2
mh. = Si‘j;ﬁ — 2207, 17)
2 2#%2 2
m, = M — 2()\2 + )\3)1/ . (18)

The soft-breaking parameter .3, helps the nonstandard scalars to
become heavy and thus can get decoupled from the EW scale.



FCNCs? Sure!

By

L = — = (uDyu+dDyd)

!
=|lms

[ (NuPe + NEPL) w+ d (NaPr+ NJPL) d] , (19)

0 m:. O 0 ms; O
N,=—-1]0 0 0|, Ny=—| 0 0 0]. (20)
m 0 O m, 0 O

Appropriately suppressed scalar mediated FCNCs are a prediction! Bound
on nonstandard mass scale from AF = 2 processes M > O (3 TeV).



How to get closer to the reality?

How to generate correct nonzero values of the small parameters?

This D4-2HDM might be a constituent part of a more elaborate
theoretical framework.

“Whoever thinks a faultless piece to see,
Thinks what ne’er was, nor is, nor €’er shall be, ”



Going beyond 2HDM



Going beyond 2ZHDM

Qi o1
2% 21
|:Q2L ) ¢2 ) ( )
1y :mp, 1__ :mp,N3r,ou,
14 :por,psr,Pa, Lli—:Qsp,pir. (22)

The gauge and D, invariant Yukawa Lagrangians in the up and down
quark sectors are then given by

— % = AuQudr — Qr2)pir + Bu(Qurdz + Qord1)per + Cu(Qurdz + Qordr)psr
+Xu Qs bup2r + YuQsrdupsr , (23a)
—%s = AdQuér + Qrdz)mir + By(Quudz — Qerdr)nzr + Ca(Qurde — Qordhr)nzr

+ X1 Qs panor + YaQsrdansr - (23b)



Going beyond 2HDM

Qi o1
25 21
o] 5] @
1.y :mp, 1__ :Mep,MR,ou,
1 4 :por,Psr,Ha, Li-:Qsr,Pir- (22)

The gauge and D, invariant Yukawa Lagrangians in the up and down
quark sectors are then given by

A Au(Qidr — Qord2)pir + Bu(Qirda + Qrd1)por + Cu(Qirdz + Qord1)par
+Xu Qs bup2r + YuQsrbupsr , (23a)
— %y = Au(Quér + Qurd2)mir + Ba(Qirdz — Qordr)nar + Ca(Qirdz — Qordbr)nsr
+XyQsrpanzr + YaQsrdansr . (23b)

VEV hierarchy: v1» < v,4
The third generation of quarks will get their masses from v, and v, in

the up and down sector respectively while v, = /v? + 13 is
responsible for the first two generations of quarks.



Highlights

cos 23 —sin 28 —0,8in 23
Verm ~ sin 23 cos 203 O4cos2p3 —0, | . (24)
Ousin2B 04+ 6, cos2p 1

First generation: mi = A,z, 1/%2 , mﬁ = A,zi vfz .

viz = O (1 GeV), v,q =~ O (100 GeV), implying

ua~ O <5ulzd> ~ 0 (A2) = Naturally leads to the Wolfenstein
parametrization of Voxm

mip ~ (Yia+ Xia)Via

(Bu,dYu,d — Cu,qu,d)2 vz
2
(Yuz,d + Xi,d)

2
e s =
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THANK YOU!



