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@ The 2HDM
o Motivations for SM extensions in the scalar sector.
o Features of the 2HDM.

@ Yukawa Couplings

e Versions with NFC
e Version Il
e The flavour parametrization




Free parameters of the SM

The 19 parameters

@ 3 gauge coupling constants
@ 6 quarks masses
Forces

@ @ 3 charged leptons masses
2 gauge boson masses (W=, Z0)
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@ 3 quark mixing angles
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Leptons

1 electroweak mixing angle (fy)
1 CP phase in the CKM matrix




Free parameters of the SM

The 19 parameters

@ 3 gauge coupling constants

@ 6 quarks masses
Forces

@ @ 3 charged leptons masses

E. b @ 2 gauge boson masses (Wi, ZO)
@ 3 quark mixing angles

Leptons

o 1 electroweak mixing angle ()
@ 1 CP phase in the CKM matrix

...plus 7 parameters with massive neutrinos

@ 3 neutrino masses
@ 3 mixing angles
@ 1 CP phase in the MPNS matrix




Main motivations to extent the SM scalar sector

@ New sources of CP violation are needed in order to explain
matter-antimatter asymmetry

@ Biger number of doublets can parametrize, in a simple way,
small deviations from SM symmetries(LFV, CPV, FCNC,...).

@ Scalar sector of SM is too simple although not experimentally
tested

@ General models (SUSY, Peccei-Quinn, etc.) have two or more
doublets or even more complex scalar sector

We can not make arbitrary extensions of the scalar sector

o FCNC must be small ()
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Why doublets?

In general
_ gy WT(T+1) = Y?)] Jory Pery
P= ZT,Y 2Y%ury |?
Posibilities
p=~1 o I'=1Y=x+1

o I'=3Y =44
o T=2Y=x+15

o ...
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Yukawa sector of 2HDM(N = 2)
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The same fermions than SM
The same SM symmetries and possibly a discrete symmetry
4(N — 1) — 3 new physical scalars

New sources of CP violation (6, and phases in Y.
Presence of Flavour Changing Neutral Currents at tree level

udl)



Neutral Higgs mixing and new parameters.

H* = —sin By} + cos Bya

A = V2 (—sin By + cos Bn)

H® = V2[(p1 — v1) cos o + (pa — v2) sin f3]
RO = V2[—(p1 — v1)sina + (pa — v2) cosal

With g = 2 and v? = v? + vl

Higgs basis




Natural Flavour Conservation (NFC)

PHYSICAL REVIEW D VOLUME 15, NUMBER 7 1 APRIL 1977

Natural conservation laws for neutral currents*
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Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138
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We explore the consequences of the assumption that the direct and induced weak neutral currents in an
SUQ)® U(1) gauge theory conserve all quark flavors naturally, ie., for all values of the parameters of the
theory. This requires that all quarks of a given charge and helicity must have the same values of weak T and
T2 If all quarks have charge +2/3 or —1/3 the only acceptable theories are the “standard” and “pure
vector” models, or their generalizations to six or more quarks. In addition, there are severe constraints on the
couplings of Higgs bosons, which apparently cannot be satisfied in pure vector models. We also consider the
possibility that neutral currents conserve strangeness but not charm. A natural seven-quark model of this sort
is described. The experimental consequences of charm nonconservation in direct or induced neutral currents
are found to be quite dramatic.

L. INTRODUCTION an effective strangeness-changing neutral current
of order aG,. In still other theories, the exchange
It has been known for many years that there are of Higgs bosons can produce a strangeness-chang-
no strangeness-changing neutral-current weak in- ing neutral current of roughly the same order.
teractions, or none with anything like the strength In principle these effects may perhaps be elimi-
of the familiar charged-current weak interactions. nated by a retuning of the parameters of the theory
We see this from the slowness of such decays as (including in the last case the parameters of the
K- p*p” and K*—~7*vy, and even more strongly Higgs-boson interactions), but we would find a
(and independently of the nature of the lepton cou- theory much more attractive if the neutral currents
plings) from the size of the K?-K3 mass difference. conserved strangeness naturally.
For this reason, until strangeness-conserving In this paper we explore the implications of the

neutral-current weak interactions were discovered condition that the conservation laws obeyed by the 11 /27




NFC (...or think twice before break a symmetry )
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w The observed suppression of the strangeness-
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ness by the neutral currents is natural, that is,
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Invariant potential under SU(2) x U(1) of the 2HDM
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Versions of 2HDM with NFC

Version u% d% e%

| Py Dy Do

1 Py Py Py
Lepton-specific ~ ®g oy Dy
FIipped CPQ <I>1 <I>2

—cPFPM = 3 (el Frn+ el FrH — i€l FrsfA)
f=u,d,l
V2V, V2m el
+ [7“% (mu€dPr +magabPr) dHT + Z—SAppepHT 4+ He
v v
M. Aoki, et.al, Phys.Rev.D80(2009)
Type | Type Il Lepton-specific Flipped

55 cosa/sinf cosa/sin 8 cosa/sin 3 cosa/sin 8
3 cos a/ sin B —sina/ cos 3 cos a/ sin B —sina/ cosf3
§£ cos a/ sin B —sina/ cos 3 —sina/ cos cos a/ sin B
{51 sin a/ sin B sin a/ sin 8 sin a/ sin 8 sin a/ sin B
EF sin o/ sin 8 cosa/ cos B sin o/ sin 8 cosa/ cos B
§{21 sin a/ sin B cosa/ cosf3 cos a/ cos B sin a/ sin B
§§ cot 3 cot B cot 3 cot B
EQ —cot 3 tan 8 —cot 3 tan 8
&4 —cot B tan 3 tan B —cot B




Branching Ratios
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Branching Ratio
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Why a Version 11?7

@ Discrete symmetries imposed on the Higgs doublets are too
restrictive that it not possible to describe deviations from the
SM symmetries.

@ The magnitude of couplings have the same order of
magnitude for every generation.

@ Relax the restrictions on the Higgs doublets introduce FCNC
at tree level

@ The FCNC need a mechanism to control them.

At the Higgs basis

Ly = n"“QrHiug +n?QrHidr +n'LrHilg
+§UQLﬁ2uR + fdQLHQdR + é.KI_/LHQER + H.c.




Cheng and Sher Ansatz

e First try to control FCNSI was myg ~ O(TeV)

@ A Fritzsch form mass matrix can reproduce Vo s at the
quark sector (remember last saturday's talk of Prof.

Mondragén)
0 C; 0
My=| C} Dy By
0 B} A

@ FCNSI inherits the hierarchy of mass matrix

;Y2 gy
(Y

&ij ™™ X

f
NMZ,],

@ In order to preserve the hierarchy |)~<£| ~1



Mass matrix diagonalization

My = diag(m{,mg,m{;) = UszUR

Hy = MM} =uvfmiull
= T —ufrr2gft
I = MiM;=ULM3UL

Hermitian case My = ]\[}; Iy = Hf;U]é = U{

Invariants equations
Ap = Ap(md md, md, zoxm, )
Det(Hf):Det(M?) Bf:Bf(m{,mg,mg,Af)
_ =2
TrH ) =T (M) Cp =Cs(m{,m{,mi, Ay)
T2 (Hy) — Ti(H}) = T2 (83) — Tr ((1\71}%)2) D; _Df(mf m md Af)
— 19 29 39




Some problems with Version Il

Bounds with leptonic B decays (m 40 = 300GeV)

10° 10°
o 10%4 . 10°
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E 10° g 10°
g " : "
aé 10'4 g 10"y
8
2 10 ST
10" 10"
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@ Phys.Rev.D55,3156 reported for B, D, K systems at some
scenarios

(Xdss Xues Xbds Xbs) < (0.1,0.2,0.06,0.06)

@ Phys.Rev.D67,075011 reported for ;1 — ey with internal
fermion 7, Xerxur < 0.04




Is there another way to introduce the hierarchy of masses

in the scalar interactions?

@ Aligned 2HDM

Y2 = CLY1
e Partially Aligned 2HDM
0 CQCf 0
i = | &C; doDy byBy
0  b3B} Ay

5&{7 = )sz](bQ, Cc9, d27a27 (ZSCJ ¢B)

Flavour Transformation

ff = a’ 0 ALMfAR




Orthogonal transformation A;, = OT; Ap = O

& =d - RT(01,05,03) M R(61,02,05) J

@ Same physical content than mass matrix
Tr(¢)) = a’Tr(My), Det(¢/) = o’ - Det(My)

@ Establish relations between x;; reducing the number of free
parameters.

@ Suitable parameters of rotations can reproduce the version I, Il and
the A-2HDM

The infinitesimal rotation preserves at approximately the hierarchy of the
mass matrix

D p DAD 08
—2(01 + 03[0 | opl (1= @ o5k )  ealoyl - 1 E LA

f_ D
§ - ICf|(1*(91+93)‘C;‘ [Dyg|+2(01 +03)|Cys| — 262|By| |Byl+ 62(
02|Cyl — (01 + 03)| By |[By|+ 62(Dy — Ay) Af + 207




Unitary Transformation A; = U :Ag=U: U € SU(N)

& =dU MU

U=> Coda ; Cop =CF-Cy

@ Again the mass matrix inherit its physical content on £
@ In the hermitian case: Cy, = Cf,

@ There is a connection between the experimental
measurements and the group parameters.

Tr(Xa& Xe) = CeaTr(AareMpAghs)
c,d

@ The texture of the mass matrix is preserved if U have only|
contribution of A3, Ag




Unitary Transformation Ay = Ut ;A = U

My = ritaAa
The system can be solved if we define

CH Tr()\lfiAl)

V= : ;o W= ( : :

Css Tr(As&f Ag)
Tr()\l/\le)\l)\l) . Tr(AlAng)\g)\l)

M= 5 :

Tr(/\gx\le)\l/\g) . TI’()\S/\ng/\g)\S)

V= MW,




Final comments

@ 2HDM is good model to parametrize possible new physics
effects as tree FCNC at tree level.

@ The different version are enough different in order to
distinguish them.

@ The flavour parametrization allows a reduction of free
parameters in the orthogonal parametrization.

@ At the unitary parametrization many parameters are present
but is a good way to analyse the structure of group




Experimental information is needed...




Experimental information is needed...
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