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Two Higgs Doublet Models

Despite several good motivations,
there is the need to suppress potentially dangerous FCNC:

Without HFCNC

- discrete symmetry leading to NFC
Weinberg, Glashow (1977); Paschos (1977)

- aligned two Higgs doublet model  Pich, Tuzon (2009)

With HFCNC

- assume existence of suppression factors

Antaramian, Hall, Rasin (1992); Hall, Weinberg (1993); Joshipura,
Rindani (1991)

- first models of this type with no ad-hoc assumptions
suppression by small elements of VCKM

Branco, Grimus, Lavoura (1996)

Minimal Flavour Violation
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Neutral couplings in BGL models

N, = —U—ldiag(O, 0,m:) + %diag(mu,mc, 0)
V2 U1

Explicitely

v my 0 0
Ny=2=20 m, 0

YN0 0 my

2 *
mqV 32V 31 M |V32| myV 35V 33

2
v Vs deBl‘ msV31V3y mpVi31 Vs

2

mqV 33V 31 mgV 33V 39 mb|V33‘

U2 U1

It all comes from the symmetry

Miguel Nebot CFTP-IST Lisbon ¥
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Similarly, for the leptonic sector.

In the leptonic sector, with Dirac type neutrinos, there is perfect analogy with the quark
sector. The requirement that FCNC at tree level have strength completely controlled by
the Pontecorvo — Maki — Nakagawa — Sakata (PMNS) matrix, U is enforced by one of the
following symmetries. Either

LY, — exp (iT) LY, , Vo — exp (i27)v% | $y — exp (iT) Py
or T#0,m
LY, — exp (iT) LY, | 0%, — exp (i27)0%, ®y — exp (—iT) Py
which imply
Pl =1, P =0,
PiSy =%, PSi=0,

where [ stands for neutrino (v) or for charged lepton (¢) respectively. In this case

PL=UPU, , PL=U,BRU, ,

where U,; and Uy, are the unitary matrices that diagonalize the corresponding square
mass matrices
UT MgMTUgL = diag (m mi,mQ) :
2 2
UZLM M U, = diag (m myz,m,jg)) :

vy?

. 1 .
M, = —(U1H1 + ’026191_[2) , M, = ﬁ(lel + Uge_wzz) .

N
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In BGL models the Higgs potential is constrained by the imposed symmetry to be of
the form:

Ve = Mlq)]iq)l -+ /,L2®;q)2 — (mlgq)];q)g + h.c. ) + 23 ((I)J{(IH) ((I)gq)g)
i i tx )2 e )2
+ 2\ (¢1<1>2) (¢2q>1> + M\ (<I>1<I>1) + X (@2@2> ,

Hermiticity would allow the coefficient
m12 to be complex, unlike the other coefficients of the scalar potential. However, freedom

to rephase the scalar doublets allows to choose without loss of generality all coefficients
real. As a result, Vp does not violate CP explicitly. It can also be easily shown that it
cannot violate CP spontaneously. In the absence of CP violation the scalar field I does not
mix with the fields R and H?, therefore I is already a physical Higgs and the mixing of R
and HY is parametrized by a single angle. There are two important rotations that define
the two parameters, tan 0 and «, widely used in the literature:

HY 1 V1 U9 01 cos 8 sinp 01
v\ —v9 V1 02 —sin 3 cos 3 02

HY\ [ cosa sina P1
h )] \ —sina cosa 02



Our analysis:
Approximation of no mixing between R and HO

We identify H? with the recently discovered Higgs field

This limit corresponds to § — a = 7/2
v = /v +v3, tan = va/v1,  the quantity v is of course fixed by experiment

Electroweak precision tests and in particular the T and S parameters lead
to constraints relating the masses of the new Higgs fields among
themselves

Grimus, Lavoura, Ogreid, Osland 2008

The bounds on T and S together with direct mass limits significantly
restrict the masses of the new Higgs particles once the mass of
charged Higgs is fixed

It is instructive to plot  our results in terms of my+ versus tan /3,

since in this context there is not much freedom left



BGL - 2HDM SM
Charged H= | Neutral R, [ Tree | Loop
Tree | Loop | Tree | Loop

M — Vv, Mty | Vv v v v v
Universality v v v v v
MY — 0705 v Vv v v
M = MY v v v v
07 — 05050, v v v v
B — Xy v v v
fj —> f@’}/ v v v
EW Precision v v v

Summary of relevant constraints




19/ 9el? 1.0018(14) 9% R <0.72
9RR | < 0.70 955 e < 0.035
Br(Bt — etv) <9.8-1077 Br(D — eTv) <1.2-107%
Br(BT — ,u ) <1.0-107° Br(D — pv) | 5.90(33)-1073
Br(BT — 7v) | 1.15(23)-10~* || Br(Df — 7tv) | 5.43(31)-1072
Br(DT — eTv) < 8.8-107°

r(DT — ur tv) | 3.82(33)-1074
Br(Dt — 7tv) <1.2-1073

e | L2010t [ R [ 970s(50)
P | 2.488(12) 1078 P 469(7)
I'N(B—Dtv

FEBéDwa} logC' (K — wlv) | 0.194(11)
F(BHD*TV)NP

F(B—>D*TV)SM

Tree level HT mediated processes




Br(t— —e e e") <2.7-10°° Br(r— —pu pu p") <21-107°
Br(r— —me e pu") | <15-107° Br(r™ —e peh) <1.8-107°
Br(r™ —pu p et) | <1.7-107° || Br(t™ — p e put) <2.7-107°
Br(u~ — e e eh) <1-107"2
Br(Kp — pFeT) < 4.7-107 Br(r’ — p*et) <3.6-10 "
Br(Kp — e e") <9.10712
Br(K; —pu put) | <6.84-107°
Br(D’ — e e™) <7.9-10"° Br(BY — ete™) <83-10"°
Br(D° eT) <26-1077 Br(B® — 7%eT) <28-107°
Br(D° — p~pu™) <1.4-1077 Br(B° — u~pt) | 3.6(1.6)-107'°
Br(BY ) <2810 Br(B° — 7% u7) <22-107°
Br(BY — p~e¥) <2.1077 Br(B? — 77717) <4.1-107°
Br(BY — p~p™) | 2.9(0.7)-107°

Tree level R, I mediated processes (I)




2| My
IEK’NPAmK

< 7.8.-10719 GeV

<3.5-107% GeV || 2|M3| | <9.47-10~ GeV

Re(Ag) 0.823(143) Re(Ay) 0.965(133)
Tm(Ay) —0.199(62) Im(A,) 0.00(10)
Tree level R, I mediated processes (II)

Br(u —ey) | <5.6-1075 || Br(B — Xsy)gu-> | 3.15(23)-10~*
Br(r —ey) | <3.3-1078 Br(B — Xs7v) 3.55(35)-10~4
Br(t — puy) | <4.4-107%

AT 0.02(11) F,r < 0.0024 GeV~!

AS 0.00(12)

Loop level R, I, H* mediated processes
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Conclusions

HFCNC at tree level are not ruled out even allowing for scalar
masses of the order of a few hundred Gev

There are several promising scenarios within the 36 models
that were presented.

Bhattacharyya, Das, Kundu 2014

The LHC may bring us interesting surprises!

| thank Miguel Nebot for providing the slides with tables and plots taken from our joint paper



