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Introduction

@ Are the couplings of the Higgs to fermions like in the SM or do we
have a more complex scalar sector?

@ A natural scenario is Two Higgs Doublet Model (2HDM) where
symmetries are needed to avoid or suppress FCNC.

@ To avoid FCNC: postulate that quarks of a given charge receive
contributions to their mass only from one Higgs doublet.

o A Z, symmetry a la Glashow-Weinberg leads to Natural Flavour
Conservation (NFC) in the scalar sector.

@ Beyond NFC there are 2HDM MODELS - enforced by symmetries-
that give rise to FCNC controlled by Vi realizing the MFV idea.

@ These are the so called BGL models (Branco, Grimus, Lavoura) that
have FCNC in the up or in the down sector, but not in both.

@ Here we will present a new family of models generalizing the BGL one
and having FNCN both in the up and in the down scalar sectors.
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2HDM |

@ The Yukawa sector of the 2HDM
Ly = —Q (T1®1 + T2®2) dr — Q. <A1&>1 + A2&>2> ug + .h.c.
o With the vev's given by (®;)" = e (10 v;/+/2 ) we define the

Higgs basis by (H;)' = (0 v/V2 ),<H2>T =(0 0),v*=
V3 + 03, g =v1/v,53 = 2/V, tg = v2/ V1

e~ it D, . g Sp Hy
e_i92<1>2 o Sg —Cp H»

then we have

= ( (v+HOi+fc°)/ﬁ) e ( (ROﬂZ)/ﬁ)
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2HDM I

G* and GO longitudinal degrees of freedom of W= and Z9.

H* new charged Higgs bosons.

A new CP odd scalar (we will have CP invariant Higgs potential).
HO and RO CP even scalars. If they do not mix, H9 the SM Higgs.

Lagrangian in the Higgs basis:

V2

V2

= —GLT (MJH; + N3H,) dg —6L7 (MSFH + NSFlz) UR

+h.c

(C/grl + €' 551”2)

(sﬁfl — e cﬁF2>

SESE
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2HDM 11l

5 (cﬁAl + e*"esﬁAg)

5 (sﬁAl — e_iec,gA2>

SISE

e The mass basis is obtained by bidiagonalizing MS, MS

uitmMlud = My = diag (mg, ms, my)
Ui”LMSU,% = My = diag (my, mc, me)

The components of H (HO, GO) are coupled in a flavour diagonal way.
@ In the mass basis the neutral components of Hp (RO, A) generate
"interesting" (dangerous) FCNC proportional to the arbitrary
matrices
Ny = Uﬁ*/vg ug
Ny = UMTNQUS

u
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2HDM IV

e The components of H; and H, in the quark mass basis interact with

2HT
Ly = - fv U (VNd'yR — Nt V'y,_) d—+h.c.

HO _
- (aMyu + dMy d) —

RO 5
— o [BNvR + N )u+ d(Ngr + Nj)

AT ~
+is {U(NU’YR — Ny )u—d(Ngyg — Njv,) d}

o Where the CKM matrix is V = U}TU¢.

o It is remarkable - and trivial- that the couplings that appear with the
new neutral Higgs RY and A- in general Flavour Changing- N,, Ny also
appear in the charged Higgs H* couplings.
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The BGL models |

@ Remarkably enough it can be shown that renormalizable models
known long time ago and enforced by flavour symmetries
(Branco, Grimus, Lavoura) realize the most simple MFV
expansion with controlled FCNC. For example one BGL model is
enforced by the U (1) flavour symmetry

Qu, = QL ;i ug, — efup, ; Py — Dy

In the quark mass basis it correspond to the model defined by the
MFV expansion —(P3),-j = 030)3-

Ng = UFTNSUE = [tsl — (5 + 157 ) VIRV My
Ny = UFNOUS = [l — (t5+ 65 ) P3| My
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The BGL models Il

or to the model with the following Yukawa couplings

X X X 0 0 O
Iy = X X X I = 0 0 O
0 0 O X X X
x x 0 0 0 O
A = X %X 0 i Ap=11 0 0 O
0 0 O 0 0 x

This model is called a top type model after ugr, = tg.
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The BGL models IlI

@ In the quark sector we have three up type models
(u1 = u, uy = ¢, u3 = t) defined by the following symmetries and
with the corresponding couplings
i — *
QLk — e QLk (Nd)ij = |:t5(5,1 — (tﬁ +t 1) Vkivkj:| my;

ug, — €2 up, P

o, — et d, (NU)U = [tﬁ - (tﬁ + t/_o,_l) 5ik] dijmy,

They have FCNC in the down sector Ny.
e And three down type models (d; = d,d» = s,d3 = b)

QL — ﬁi“QLk (Ng);; = [t/; — (t/s + tgl) 5/4 dijmy;
G Loy = [ (s ) v m,

They have FCNC in the up sector N,.
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The BGL models IV

o BGL models have FCNC either in the up or in the down sector
never in both

@ A general BGL model is defined both in the quark and in the leptonic
sector. There are 6 different models grouped by having FCNC either
in the up or down sector and 36 if we include the leptonic sector.

@ All BGL models are invariant under ®, — e'*®,. Therefore the
Higgs potential should be the CP conserving

Vo= 010+ 12,050, — my; (00, + dley )
1275 (@1@1) (010;) + 214 (@10, (011
2 2
+A4 (‘DICI%) + As (‘D;rq)z)

where a soft breaking term has been introduced to avoid a Goldstone
boson.
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The BGL models V

@ By expanding the neutral scalar components around their vacuum

. 0 _ i0; .
expectation values @7 = i@ (vj + p; + in;) we can connect the

neutral real mass eigenstates with the neutral fields in the Higgs basis:
H\ cosa  sinx 01
h )\ —sina cosa 0y
HO . C‘3 5‘3 01
RO o S/g —Clg |2

The relevant angle is (B — &) : cgy = cos (B — &), sgy = sin (B — a)

()=(5 2)()
R —S‘[ga C,B“ h
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The BGL models VI

@ The Yukawa couplings of the 125 GeV scalar is for all type of
fermions f

Lizr = —fYOfeh+hc
1
@ In the k-up type model uy we have FCNC in the down sector
controlled by

d _ wy, Md; L
Yu( [u] = P (tﬁ+ tﬁl) ViVig— i i #]
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The BGL models VI

@ In the k-down type model d, we have FCNC in the up sector
controlled by

Vi ldd = —cpa (tp+ 857 ) ViVi T 1 i A

For the diagonal coupling to the top in model g; we have

[ MODEL | COUPLING to top in units of (2) ]

uc (spa = cpatp)
t <5ﬁa + C,Batﬁ_l
d; SBa — Cpa (1—|Vt,'|2> l’lg—lvt," tgl
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The BGL models VIII

@ For the diagonal coupling to the bottom in model g; we have

[ MODEL | COUPLING to bottom in units of (Z£) |

d,s (Slgﬂé Cﬁzxtﬁ)
b S 1 Cﬁatﬁ_l
uj SBa — Cpa (1_|Vib|2) tﬁ_|Vib|2tEl
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The BGL models IX

@ Some results are given here:

107! T T T T 10~ T
102
1072 ¢
10—
_ 1015
101 . t
= = c
=107 +10-4 |
! = u
£ 10-6 T,
& =107
1077 M B /
105 /
10-% s
10-° 1077 ¢
(i L Ll LD L LS sl L Ly s ! L L . ! .
—-10 10=9 10-% 10-7 10-¢ 10-5 10~* 10-3 10-2 10-' 10~ v —— =
107191079 1078 10 E)gq m]‘ 1074 1073 1072 10 10 107 10° 10-° 10~ 102 102 10-!
r(t — hc) Br(h — bs + bs)
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e BGL models X

tan 3
2

10!

tan 3

10 g

F.J.B. (IFIC-Valencia)

tan 3

tan 3

100k

107 F

&
5

10~ 0

10

S
3
TR

ptember 2017

17 /



Generalizing BGL models: gBGL |

@ The generalized BGL models (gBGL) are implemented through a Z;
symmetry, where ug and dg are even and only one of the scalars
doublets and one of the left-handed quark doublets are odd:

QI_3 - _QL3 '
dr — dp ., D — Dy
ur —ug , Py — —Dd

@ Now the Yukawa textures are:

X X X 0O 0 O
Iy = X X X I = 0O 0 O
0 0 O X X X
X X X 0 0 O
A = X X X Ay = 0 0 O
0 0 O X X X
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Generalizing BGL models: gBGL Il

Obviously they include both up-type and down-type BGL models.
Note that the G-W NFC model is also implemented by this Z,
symmetry. The difference is the way the left-handed fields transform
under this symmetry: the principle leading to gBGL constraints the
Yukawa couplings so that each line of I';, A; couples only to one
Higgs doublet.

@ This time, in the quark sector, the model is fully defined , in the mass

basis, by
Ng = [tol = (tg+t5") [Ag) (Bal| Mo
N, = [tﬁ/— (t/g—i—t ) V [fig) (7] v*} M,
or if we call
[7y) =V [nq)
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Generalizing BGL models: gBGL Il

we also have
Ng = [tgl = (ts+t5%) VP IRu) Gl V| My
N, = [tﬁ/ - (tﬁ + t,;l) I7,) <ﬁuy] M,

the free parameters are two angles to define the unitary vector |n,) or
|ng) and two phases of the three complex component
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Generalizing BGL models: gBGL IV

(0,0, 1)
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Generalizing BGL models: gBGL V

@ This is the generalization of BGL models that correspond to the down
models (d, s, b)

1 0 0
‘3d> == 0 ' |/S\d> = 1 ) ‘Bd> = 0
0 0 1

or with the other parametrization

R Vi,d Vis Vb
du> = Ved , |§u> = Vies ;
th Vts th
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Generalizing BGL models: gBGL VI

@ and for the up models

1 0 0
m“> = 0 ; |EU> = 1 ' |tU> = 0
0 0 1
or
—~ V’Td R V;d . Vttf
= Vo) = V] =V
V:b Vc*b V;Z
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Generalizing BGL models: gBGL VI

where both parametrizations are represented in the following figure

(a) Down parametrisation. (b) Up parametrisation.
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Generalizing BGL models: gBGL VIII

@ The Higgs sector coincides with the Glashow-Weinberg NFC model.
Both have the Z, symmetry

V o= 12,070 + 12,050, + [Ag, (q>{<1>2)2 + h.c.]
1275 (@1®1) (01@;) + 214 (@10, (011
A (@{@)2 + Ao (cb;f%)z
we do not need the softly breaking piece (m12CI>I<I> + h.c.) , therefore
there is no CP violation in the Higgs sector and the physical Higgs

fields are defined as in the BGL case by H, h and the unmixed
pseudoscalar A.
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BGL: the intensity of FCNC |

@ The Yukawa coupling to the 125GeV Higgs
@ _ 1!
Y = B [Sﬁan + Cha Nq]

Nd = |:t‘31 - (t5+ t, ) |nd>< ’] Md
in general generate FCNC

yla) — [(Sﬁa+cﬁa) I — cga (fﬁ+ tg ) [7g) (ﬁq@ %

o All FCNC effects are proportional to cg, (tﬁ + tlgl)

o Inan i — j transition it is proportional to mg, /v
e Inan i — j transition it is proportional to (|ng) (Aq|); with maximal

value (1/&) (1/\@) —1/2

F.J.B. (IFIC-Valencia)
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BGL: the intensity of FCNC Il

e To be compared with the most intense case of BGL u model in the
s — d transition ~ V Vs ~ A

@ From meson mixing we have the following naive constraints

p°-D° | kO-K’ | B*-B" | B~ B’

g (tp+ 15" )| < | 002 0.04 0.003 | 0.007

0 0

and from rare top decays t — hq

‘cﬁ“ (tﬁ + tlgl)| <0.4

@ There are many regions of the model parameter space where

’cﬁa <t/3 + tﬁ;l) ‘ can get its maximum value of order one.
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Near the top and the bottom models |

o BGL top and bottom models are renormalizable 2HDM that verify the
MFV principle in any of the different versions one can find in the
literature.

@ We will study the properties of gBGL that are close to the t and b
BGL models in the sense that they give the same contribution to
meson mixing. If the top and bottom models are

0 Ve,
[t)=1 0 [ty = Vi
1 Vi
R V., ) 0
bu> | v, | ’bd> —| o
th 1
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Near the top and the bottom models Il

we will study small departures from these models defined by
(64,65,6p) and (64, 0c, 6¢)

Vi (L+64)
|(t+901),) = ( Vi (1+55) )
V;Z (1+5b)
R Vip (1+6,)
‘(b+5b) > - ( Vo (1+ 6c) )
! Vip (1 +6¢)

Mia [KO] o (Vi Vis)? [1+2 (84 + 67))
Mz [BY] o (Vi Vip)? [1 42 (64 + 03)]
Mo [BY] o (ViiVip)? [1+ 2 (85 + 63)]
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Near the top and the bottom models Il

@ The up models near the top give the same contribution to meson
mixing than the top BGL model provided

Re (04,55) ~Im(65) < O (A?) , and Im (84,) < O (A%)

I =0 oo .
and the contribution to D% — D" contribution is easily seen to be
controlled from

O (2°)
|[(E+6t),) =V [(E+6t),) ~ | Ve
14 6p

by
My [D°] o (85 VipA®)? < AT8

and therefore not dangerous at all.

F.J.B. (IFIC-Valencia) September 2017 30 / 41



Near the top and the bottom models IV

@ The down models near the bottom give the same contribution to
meson mixing than the bottom model provided

Sy ~ e~ 6 < O (A%

the relevant quantity to study the constraints from meson mixing in
the down sector is

|(B+28),) = v'|(B+eB),)
ViyVis (3¢ — 86) + Vg Vo (84— 6c)
~ Vi Ve (J¢ — c)

and the contribution to any meson mixing is smaller than any up BGL
model
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Near the top and the bottom models V

o But we will see that there are important difference in other
observables when we consider these near bottom and top
models respect to the top and bottom BGL models
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Weak basis invariants and the BAU |

@ The contribution to the Baryon asymmetry of the Universe is
proportional the a weak basis invariant with an imaginary piece.

@ In the SM it appears for the first time at order 12th in Yukawa
couplings and is given by the Jarlskog (see also Bernabeu, Branco,
Gronau) Invariant:

5 det (i [momgt mgmt] ) = — L7 ([MSMS*, MBMS*D
explicitly
lp = Im Tr [(MS/\/IS*) (MSMS*) (M3M3*>2 (MSMT)Q]
~ mim2mim?J

where J =TIm (Vs Vp V35, VE)

ub Vcs

F.J.B. (IFIC-Valencia) September 2017 33 /41



Weak basis invariants and the BAU ||

@ In the BGL models an imaginary part appears first at order 8th in
Yukawa couplings and is given by

I (s;) = ImTr [NSMS*MSMS*MSMS*MSMS*] (u; models)
I(d) = ImTr [/\/3/\//2+ MO MOt MO MO MO MOt ] (d; models)
for top, bottom and down models
Is(t) ~ (tﬁ + t};l) mimZm?2J
Is(b) ~ (t5 + tﬁ_l) mim2m?2J

Is(d) ~ (tﬁ—I—tﬁ;l) mimim?iJ
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Weak basis invariants and the BAU Il

@ In the gBGL models an imaginary part appears first at order 4th in
Yukawa couplings and is given by

Ih(g) = ImTr [NSMS*MSMS*}
I -1 2 2 2 ~
= 2 (+g ),Zk (m?, = m3, ) m2, (I7a) (Aal)y Vi Vi

~ (b + t1) mEmd T (1) (Al ), Veo Vi

@ A summary of enhancements in the CP violating weak basis invariant
factors of the BAU respect to the SM one is given bellow where we
use E ~ 100GeV and J =Im (Vs Vep V), V) ~ 3 x 107°. The

contribution to the BAU should be proportional to

Im/,
En
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Weak basis invariants and the BAU IV

and we define the enhancement respect to the SM factor by

7 (model) — (hgn/”> / (Ir;/z“>

’ ‘ top \ bottom
7 I =
(tﬁ+tﬂ*1) m} mi
/i 1 10
’ ‘ near top \ near bottom ‘
(tﬁjt‘l) 101° | Vt5| Im (5b —+ 5:) 1016 | Vts‘ Im (&tk — 59
/BN ' 1012 1013

Where 10'° = (|Vis| E®) / (mZm2mim2)).
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Weak basis invariants and the BAU V

@ Note also that we have two BGL models d, s where

—1\ 4
<t5+t/3 )E ~ 1010
m?m?
b'''s

77d,s ~

F.J.B. (IFIC-Valencia) September 2017 37/



Other Phenomenological Implications |

@ The most relevant: the presence of FCNC at tree

sector and at an important rate. As in BGL

— hu)

1075 |
Z 1076
2}

1077
10-%

1077

L el e sl s s
1071107 107% 10~7 1076 10° 10~* 107 1072 107!
Br(t — hc)

o In gBGL models one has, in general,
down sectors simultaneously.
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Other Phenomenological Implications Il

@ With the trajectories in model space

t

[

o
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Other Phenomenological Implications Il

@ One can draw correlations of the down and the up sector

107! T T T T 107! T T T T
cpaltp +1t5') = 1.0 cpalts +15") = 0.1
1072 | 2 s E 1072 E
‘ tos
ie
103" E 1073 | i
- - 1“74 - ; s -
B g b
1 —
3 fed E T I E
[29]
I ‘ ] 107k ]
| /
i i—b ! !
-8 L / - -8 K . i
1078 dos - 10 tod sk
107 f \ | E 107k [ :
g d\\ d b. ]  id d b, 5 ]
10 L' Voo e Vol 1 10-10 v e W v
107191072 107% 1077 1076 1075 107* 1073 1072 107! 10711079 107% 1077 1076 1075 107* 1073 1072 107!
Br(t — he) Br(t — he)
_1 —1
(a) cpalts + i )=1. (b) cpalts +tz°) =0.1.
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Conclusions |

@ BGL can be generalized into a unique family of 2HDM arising from a
flavour symmetry.

@ These gBGL (not MFV, 4 new parameters) have tree level FCNC but
in controlled manner.

@ They have simoultaneously FCNC in the up and in the down sectors.
Leading to New Physics effects interesting at LHC and J/or at a Linear
Collider: t — gh,h — IT,h — gb

@ They arise from the symmetry Z,. The same that the one proposed
by Glashow and Weinberg for NFC. The difference is in the way quark
fields transform under Z,.

o gBGL models contains BGL models. In the parameter space of gBGL
there are regions were the Lagrangian acquires a larger symmetry Z,
or U (1), depending on the neutrino type (Majorana or Dirac).

@ These models can produce enough CP violation to contribute to BAU
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