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Introduction

e Study the Higgs like particle properties: Yukawa Couplings (YC).
@ YC diagonal in the SM. Beyond SM non diagonal in general.

@ Study processes mediated by Flavour Changing Yukawa Coupling
(FCYQ).

A natural scenario is Two Higgs Doublet Model (2HDM) type 1.

To avoid too large FCNC and/or too many parameters use the
Minimal Flavour Violating (MFV) avenue in the most broad sense.

There are 2HDM MODELS - enforced by symmetries- that realize the
MFV idea.

@ The so called BGL models (Branco, Grimus, Lavoura) that
incorporate important enhancements in the BAU.

Present the Flavour Changing phenomenology of BGL 2HDM in
the 125 GeV Higgs sector.
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2HDM |

@ The Yukawa sector of the 2HDM

Ly = —Qu(I'1®P1+T2®;)dr — Q1 <A1<T>1 + A26132> ug +.h.c.
+ZL (H1(Dl + H2q)2> Ip — ZL (Zl(isl -+ 22&)2> Vvr + .h.c.

@ The Higgs basis
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2HDM I

o H™ new charged Higgs bosons.
e A new CP odd scalar (we will have CP invariant Higgs potential).
o HY and RO CP even scalars. If they do not mix, H the SM Higgs.

@ The Lagrangian in the Higgs basis:
— V2

b= Y2

v

— /2

s

+h.c

/" _ -
(MOHy + NOH,) dg — QL\U[ <M2H1 n NSHQ) UR

/2 _ _
(MPHy + NOHy) I — LL\U[ (/\/ISH1 + NSHQ) VR

(T1v1 +Tovo)

(Tlvg — ngl)

NS
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2HDM 11l

1
MS = % (A]_U]_ + A2U2)
1
N = — (Av; —Av
y \@( 101 — A1)
M,O = 7 (H1v1 —|—H202)
1
N,O = 7 (H1U2 — HZUI)
0 1
M, = 7 (Z1v1 + Zov2)
0 1
N, = \@ (21U2 - Z42171)
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2HDM IV

o The mass basis is obtained by bidiagonalizing M9, MS, etc...

UfH/\/lgUlg = My = diag (myq, ms, mp)
UFMSU,‘;’, = 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 = Uf*Ng ug
Ny = UMTNQUS

u
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2HDM V

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.
H° _
- (aMyu+ dMy d) —
0

R” r_ -

Y |6(Nyvr + Njyv)u+ d(Ngve + Nj) d
Al _

+ig {“(NU'YR — Njyp)u—d(Ngvg — Njv) d]

e Where the CKM matrix is V = Uf*Uf. Instead in the leptonic sector
there are N,O, NB and the PMNS matrix Ut

o It is remarkable - and trivial- that the couplings that appear with the
new neutral Higgs R® and A- in general Flavour Changing- N, N, etc
also appear in the charged Higgs H* couplings.
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2HDM and MFV |

@ The idea of Minimal Flavour Violation (MFV) applied to 2HDM imply
to choose for example MY and M2 as the basic flavour structures and
therefore assume that N9 and N satisfy the following expansion:

NS = Jleol +e1Hy + eaH, + e3HyHy + eaHyHy + - -] MY
N = [eol + € Hy + €bHy + e5HuHy + €4 HaHy + - - -] M)
with Hy = MIMYt and H, = MIMO*
@ But using for the down sector
3 3

Hy = MIMS = UZM3UEH = Uf Y m2 PUgt = Y m3 Pt
i=1 i=1

d
PI-L = Usz,'Uzj+ ; (Pi)jk = 5,-j(5,-k
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2HDM and MFV I

it turns out that this expansion is equivalent to - or a particular case
of-

NG = (a0l +ayPf + ay Py + a3 PP + ag PRI 4+ ) MY
NS = (30/ + 31PdL + aQJPUL + agUP7LP7L + af“jp:_prJl}L + .. ) M,

@ 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 FCYC. For example one BGL model is
enforced by the flavour symmetry

Qu, — " Quy ;i ug, — efup, ; Py — Dy
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2HDM and MFV Il

It correspond to the model defined by the MFV expansion -with
tg =tanp = %
NG = |tgl — (tg+ 151 ) P3| M]
Ny = |tgl — (tg+1t51) P3| M)
or to the model with the following Yukawa couplings
0 0 O

X X X
= x x x s Io=| 0 0 O
0 0 O X X X

o oo
>
N
|

o o

oo o

X O o
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2HDM and MFV IV

@ This model is called a top type model after ug, = tg. The
symmetry contains tp — e®*tg and it has FCYC just in the down
sector. In the quark mass basis we have

Ny = UFFNOUE = [tﬁl - (tﬁ+ tﬁ_1> Vtp, v} M,

Ny = UPtNSUS = |tl — (t5+ 65 ) P3| M,

or equivalently

FCYC
——
(Na)j = | tgdij — <t/3 + tls_l) V3 Vsj | mgj

(Nu),’j = [tﬁéij — (tﬁ + tﬁ_l) (50‘(5,‘3] my;
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The BGL models in the quark and lepton sectors |

@ 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

in _ «
2% f = = (5451 ]
K . k _
D, — e, (Nu)y = [tﬁ - (tﬁ + 1 1) 5ik] Oijmy;
They have FCYC in the down sector N.
e And three down type models (d; = d,d» = s,d3 = b)
in _
Qu, — € Qy, <Nd)ij = [tﬁ — (tﬁ + tﬁ l) 5,'/(} (5,-J-mdj

de N ei2zdek .
D) — et P, (Nu)y = [tﬁ‘sij - (tﬁ + g ) Vik ij] my,

They have FCYC in the up sector N,,.
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The BGL models in the quark and lepton sectors |l

@ In the lepton sector we have three neutrino type models (v, v2, v3)
defined by the following symmetries and with the corresponding
couplings

VR, — e/2acVRk

Ly, — e“Ly, (Ny); = [tﬁé,-j — (tﬁ + tg1> Ui Uj;(} m;
D, — et P, (Ny); = [tﬁ - <tﬁ + tgl> 5ik} dijmy;

With FCYC in the charged lepton sector.
e And three charged lepton type models (, =e,h =y, =T)
Ly, — e"Ly, (N/)U = [tﬁ — (t‘g + tﬁ_1> (5,'/(] ojimy;

IRk N ei2u¢/Rk g
Dy — €Dy () = [tﬁ‘s"f - (tﬁ tig 1) UkiUkJ} My,
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The BGL models in the quark and lepton sectors IlI

@ A general BGL model is defined both in the quark and in the leptonic
sector. There are 36 different models grouped by having FCYC either
in the up or down sector and either in the charged lepton or the
neutrino sectors.

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

V o= p, @ ®; + p,®5d; — myy (cIn{cp2 n q>;q>1)
1205 (@{cpl) <q>§q>2) +2M4 (@{@z) (cp;@l)
2 (@lwr) 4 2, (@fe,)”

where a soft breaking term has been introduced to avoid a Goldstone
boson.
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The BGL models in the quark and lepton sectors |V

@ By expanding the neutral scalar components around their vacuum
expectation values ®9 = L (v; + p; + in;) we can connect the real

V2

mass neutral eigenstates with the neutral fields in the Higgs basis:
H'\ cosa  sinx 01
h ) \ —sina cosa 0y
HO Y\ cosp  sinp 01
R ) =\ —sinB cosB o

The relevant angle is (8 — &) : cgy = cos (B — &), sgx = sin (B — a)

()=(5 2)()
R _Sﬁzx Cﬁa h
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The Yukawa Couplings in BGL models |

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

Lz = —fYOfeh+hc

1

y(f) 5 [Sﬁa Ms¢ + CﬁaNf]

@ In the k-up type model uy we have FCYC in the down sector
controlled by

Vil (o] = —cpa (tp+657) ViVl 1 i £

@ In the k-down type model di we have FCYC in the up sector
controlled by

Vi ldd = = (tp+ 857 ) ViVi DL 1 i A
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The Yukawa Couplings in BGL models Il

@ In the neutrino type model v, we have FCYC in the charged lepton
sector controlled by

« M

YU(I) [Vk] = —Ca (tﬁ + tf;l) UikUjkT ;o 7&./

@ 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 + Ca tﬁ_1>
d; SBa — Cpa (1—|Vt,'|2> l’lg—lvt," tgl
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The Yukawa Couplings in BGL models Il

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

] MODEL \ COUPLING to bottom in units of (%2) ‘

d.s (spa — cpats)
b Sﬁa+Cﬁatgl
uj SBa — Cpa (1—!\//b|2> tﬁ—|Vib|2t,3—1

@ For the diagonal coupling to the tau in models /; or v; we have

[ MODEL | COUPLING to tau in units of (Z) ]

e p (spa — cpatp)
T Sga 1 Cﬁzxtlgl
14 SBn — Cpu (1— ’UT,'|2> t/g—|UT,'|2 t‘B_I
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Results: introduction

All FCYC effects are proportional to cg, (tﬁ + tl;l)

We can have at tree level: t — hu, hc with down type models.
We can have at tree level: h — uT, eT, eji in neutrino type models
We can have at tree level h — db, sb in up type model.
In general we will have modified diagonal couplings in all models.
But all these new couplings are controlled by the free parameters «
and B and the well-known CKM V and PMNS U matrices.
Of course before making prediction we have to impose the constraint
on« and B
e From non FCYC: Higgs couplings to vy, WW, ZZ, bb, 1T, tt . Note
that both production and decay are modified according to previous
tables.
o From low-energy flavour physics: rather involved since H and A are also

present together with h; requires specific study (additional parameters)
[Botella, Branco, Carmona, Nebot, Pedro & Rebelo, JHEP(2014)]
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Constraints from the Higgs sector |

@ We impose the signal strengths ;4,)-< in different decay channels X,
where i labels the different combinations of production mechanism:

x _ olpp—h)" Br(h— X)

e We use for m, = 125GeV and /s = 8TeV and o (pp — h)gM in pb.

Prod chani || ggF | VBF | Wh | Zh tth | bbh
o (pp — h)sy || 19.27 | 1.578 | 0.7046 | 0.4153 | 0.1293 | 0.2035

Decay chan X || bb Www+ | ZZ* TT Yy gg
Br(h — X)g, || 0.578 | 0.216 | 0.0267 | 0.0637 | 0.0023 | 0.0856

and the data from ATLAS and CMS
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Constraints from the Higgs sector Il

@ We also impose constraints from CMS and ATLAS on h — ut and
t — hg

@ The result for a few models are
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Constraints from the Higgs sector IlI
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Rear top decays |

@ In the down type models - di type model - there are tree level top
decays like t — uh, ch

2
) ViV 1\ |?
Br( k) (t — qh) = 0131W ‘Cﬁu (t,B + t,B )‘

@ CMS and ATLAS bound imply for models b and s:
|V1.‘chb|2 ~ |Vtsvcs|2 ~ )\4

’cﬁ,x (tﬁ + tﬁ*)‘ <49

e For all models of the type down-charged lepton (d, /) we have:
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Rear top decays ||

sl ol el ol ol ol
1071102 10=® 10-7 10-% 1073 10~* 107® 1072 10~!
Br(t — hc)
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Rear top decays IlI

o Naive constraints from the Higgs tree level contributions to D% — D°
are included in the figures. But remember that in these models there
are also contributions from H and A. In such a way that the total
contribution is proportional to

cga Séa 1
g e e i
my My My

Oblique corrections accommodates better with important
cancellations. Therefore there are important "natural" cancellations
invalidating to use the naive bounds coming from the tree level Higgs
exchange contribution alone.
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Flavour Changing Higgs decays to quarks |

@ In up type models -u, type models - there are tree level h decays like
h — sb, bs, db, bd, etc...

I*SM (h)

(uk) b+ bg) = -\
Brl“*) (h — qb + bq) = 0.578 ()

Vi Vies | ‘cﬁu (t,; + t/;1> (2

o For the ¢ and t models: |VesVip|? ~ |VisVip|* ~ A* the channel
h — sb can reach values for the branching ratio of order 10! for

values of ‘cﬁ,x (tﬁ + t[%{)‘ ~ 5 —10 in charged lepton models.

@ For all models of the type up-charged lepton (dk, /) we have:
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Flavour Changing Higgs decays to quarks Il

1071

g

T
~

—8 IR

0
10=* 107" 107% 107 107* 107 107* 107!
Br(h — bs + bs)
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Flavour Changing Higgs decays to quarks Il

o As before naive bounds from K° — K', BY — BY and BY — B? mixing
are displayed in the figure. They correspond, in the u and ¢ (t)

models to ’cﬁa (tﬁ + tgl)‘ < 0.43 (0.60)
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Rare Higgs decays to leptons and correlation with rare

decays to quarks |

@ In neutrino type models - v, type models - we have the interesting
processes h — u=t¥, e* 1T, eFy¥

Bre) (h_>m)_00637r A |UkaTk| ‘Cﬁfx (tﬁ+tﬁ )‘2

e For the v3 in order to get a h — uT branching ratio of order 1072 -

Br(h — ut) = ( 0.84 +0.39 > % - we need a value of

—0.37
e (7)1
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Rare Higgs decays to leptons and correlation with rare

decays to quarks Il

o If we consider model of type down-neutrino (dk, v/) we will have
correlations among t — hc and h — ut controlled by

Vik Vg
Vio Uy Uy

2 I'SM h)
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Rare Higgs decays to leptons and correlation with rare

decays to quarks Il

101 R e e e e B B e s
102 F .
107 F
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1077 =
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Rare Higgs decays to leptons and correlation with rare

decays to quarks IV

note that the constraint on h — utT has reduced the range of
variation of Br(d) (t — ch) respect to charged lepton models.
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Rare Higgs decays to leptons and correlation with rare

decays to quarks V

o In the case of (ug,v;) models we get correlations among rare leptonic
and hadronic Higgs decays

lU’]; T

i

E o ts

[
o
|
&
T

10-8 L—L nnnfl__n_nnnnrl__o/ oo fnsnodl_n o o
1078 1077 107 10> 107* 107* 1072 107!
Br(h — p7 + pr)
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Incorporating low energy constraints

@ 1 — e7y constrains very severely the coupling h — pe via the
two-loop Barr-Zee diagrams. In BGL models y — ey will translate
into an important constraint on cg, (tﬁ + t;s_1>- However not only

the Higgs h can be exchanged but also H and A will enter with the
known tendency to produce destructive interference between the
different contribution - as in neutral meson mixing-.

@ The results of our analysis are shown in the following figures:

1

10 ' Ly g 107! .

102 02k s g g v i
<1073 <107 /’,? |
= = 4
Tk 4 L Vs ,//
= = /S Vad g
1102 110 / /
g = Y
5 g 1 .
=100 4 2w fE S 1

.
w0 E 107 F 1
10-¢ cennfl el o 107 TR .
1010 710 910 7 10 ' 10 * 10 * 10! 107 1077 107% 10=7 10~ 107* 1072 107" 10 8 L L T L
Br(t — he) Br(t — he) 107 1077 10 10~ 10~* 107* 1072 107!
B - Br(t — he)
(a) Without p — ey bound. (b) With & — ey bound.
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Conclusions

@ We have analyzed 2HDM with tree level FCYC, controlled and
suppressed by Vckn and/or light quark masses (or Uppys in the
leptonic sector).

@ There are 36 different BGL models, enforced by different symmetries,
and having either FCYC in the up or in the down sector (similar in the
leptonic sector)

@ Given a model, the free parameters in the Yukawa coupling are tan 8
and cos (B —«).

o BGL 2HDM lead to New Physics effects interesting at LHC and Jor
at a Linear Collider: t — gh,h — IT, h — qb

@ We have used all the constraints related to Higgs production and its
subsequent Higgs decay.

@ Low energy flavour constraints have been considered, but important

cancellations operate both in meson mixing and in  — ey among
others.
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The CP Violating contribution to the Baryon Asymmetry

@ In the SM the CP violating contribution to the BAU at the
electroweak phase transition is proportional to

H (ml%i — mlzlj) (mgk — mgl) Im (Vig Ves Vs Vig)
i>j,k>1
~ m‘t‘mzmbm Im(Vuchs usV(_ikd)

@ In the d ( also in s) BGL type model the CP violating contribution to
the BAU at the electroweak phase transition is proportional to
(tﬂ + t5_1> (m% — mg) H (ml% —m; ) Im (Vg Ves Vs V)

i>j
~ <t,3+tﬁ )mtm mbIm(Vuchs :s c*d)

@ If E is the relevant scale for baryogenesis at the electroweak phase
transition one can get an enhancement of order
4

(5+5") o

> ~ 1010
S |E~100 GeV/
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