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Introduction. Standard Model

@ The SM is the theory better describing elementary particles and their
interactions

nom @ To generate masses =

u ... spontaneously symmetry breaking

(]
=
® @ We introduce the complex doublet
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massless particles
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Introduction. Motivation

@ The Higgs mechanism is the simplest to generate masses in the SM
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Introduction. Motivation

o Different alternatives would both reproduce the content of the SM as well as
including some new ingredients

My T IT(Ti+1) - YA _

pr— — 1
M2 cos? 6, 23 vPY? ’

p
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Introduction. Motivation

@ The experimental data will be connected through p

_o(pp— hY) BR(h — X)
K= (pp — HY)sm BR(H — X)sm

@ The 2 function will be minimized
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Overview

© Higgs singlet extension
@ The model
@ Phenomenology and fits
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Higgs singlet extension. The model

@ Simplest extension of the SM: A real bosonic singlet invariant under all the
quantum numbers of the SM is added ()

doing ¢ — » + ()

V(6,0) = 1*(679) + h(¢'¢)* + (ap + bp® + cp® + dy*)
+(6'8)(Ap + Bo?) + Vo

with h > 0,d > 0,B > 0 (increasing), det H > 0 (bounded) i u? < 0

<0|¢|o>=[§§}, 01010y = 0.

iZigi 1 0 unitary gauge 1 0
b(x) = 390 —_ unitary gauge . 1 ,
V3 v+ H() V3 v+ H(x)
(p(x) LRI BB )
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Higgs singlet extension. The model

1 h
V=="h"*+Vj+ (hvH+ —-H*) + (co’®+dyp*)
4 4 N

¢ self-interactions

Vo Higgs self-interactions
1 1 1 1
+ EM,%,Hz + 5/\/@02 + AvpH + Bvp?H + EAH2QO + 5BH2 z
mass terms H-¢ interactions

h sf sinf| [H M2+M2 \Mz M2
R [ p—

—sinf cosf 2
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Phen nology and fits

1 hicos@ — hysinf
—(1+
7l

@ Reduction of the couplings with respect to the SM

Ly =— ) (Cdi + cUu + C3Ee) .

4

h o SM ho_ SM

Ky = 8mvv/8Rvy = cost, K¢ = Y /Yir = cost,

hy _ SM_ hy _ SM
Ky = 8mwv/8ovy = —sinf, K = Yhott /Yhg = —sin6.

2

Mh =Tsmcos” 0+ T pm, ,
———
if allowed

Fh2 = FSM sin2 0.

~12 2
rh by = |/14| _4 h2
=
1—h2h2 8 mhl i211 Y
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Phenomenology and fits. Heavy scenario

@ The cross sections

—0(pp = h2Y) =sin’4.
a(pp — HY)sm
@ For the branching ratios
BR(ho = X)  T(h— X) Chsw  sin0 1
BR(H — X)sm I, F(H—=X)sm 1 sin®6

@ All the strengths are identical

1 =sin’0

Results of the fit (x?)

sinf =0.9940.01, x?/d.of =055
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Phenomenology and fits. Heavy scenario

I Il I~ I
=1 1{ T

bb bbVWWWWijjZZ Z2Zjj yy vyyj 1t 1tV
Channels
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Phenomenology and fits. Light scenario

@ The cross sections

o(pp— mY)
a(pp — HY )sum
@ For the branching ratios, with the additional decay

= cos? 0.

BR(hl — X) _ rh1_>X ersM
BR(H — X)sm [y MHox,5M
cos? O 1. sm 1

= > == T .
cos? Ol +T I h—hphy
H,SM h1*}h2h2 1 + o2 erHYSM

@ All the strengths are identical

) 1 cos* §
$b=cos” 6 x Thohhy Chy—hyhy *
1~ hahy 2 1—hphy
1+ cos? 0Ty sm cos? § + M H,sm

Results of the fit (x?)

cos =0.99+0.01, Ty ypm =0, x?/dof =055
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Overview

@ Scalar potential and symmetry
breaking

@ Yukawa sector

@ Phenomenology and Higgs signal
strengths

@ Global fits in the A2HDM

© The Aligned Two Higgs doublets
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A2HDM. Scalar potential and symmetry breaking

@ A doublet with the same quantum numbers of the SM one is added

¢(+) ¢(+)
¢1 = lqﬁf)] P ¢2 = L;gm

@ General form of the vev

o

01610 =5 |, 0] - 0160}

e U(1) transformation to eliminate one of the phases

oo = [ol . olelo = 5| 6a] = 5[]

L]
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A2HDM. Scalar potential and symmetry breaking

@ SU(2) transformation in the scalar space (¢1, $2) — just one of the doublets
acquire a vev

Pl _1ivi v o1 | _1|vign+ e " vaghy
—®2] v v —w| e P v |vnd—e v’
with v2 = vZ 4+ v3.

@ Excitations over the vacuum
Gt H*
= b(wsl +iG°)] I [1(52+;53)} '
V= 2(0]0 2(dld ®ld, + piold
pi(P1P1) + pa(Py®2) + [z P P2 + 3P P4

FAL(PIP1)? + Ap(PID2)? + A3(@]D1)(D]b2) + Aa(P]d2)(d]1)
+[(As®] @2 + 260 @1 + Ar0L02)(0]02) + b .
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A2HDM. Scalar potential and symmetry breaking

@ Mass terms

S1
V2 MHi H+H + = [517 52; 53] M 52 )
S3
@ Mass matrix Al =50y, AR =m0\
2\ v2 V2R —v2)\L
M= | VPAE M2 +v3(3 + D) —v2AL
—v2)\L —v2AL M2, + v ( >\R>
/ljl R gl CP-conserving limit h cos & sin & 51
= - = 5 = - -
A 52 A H —sind cosé| | S|’
3 i

Ana Pefiuelas Martinez (IFIC)

A=S5;3.

Extensions of the Standard Model scalar sector

September 7, 2016

13 /22



A2HDM. Yukawa sector

@ The new doublet has the same quantum numbers as the one of the SM =
more terms in the Yukawa Lagrangian

Ly = —Q[(T1¢1 + Tagn)d'r — QL (A1 + Dago)u'r
— L (My¢y + Nago)l'g + hec.

@ In the Higgs basis

2 /= — ~ ~
Ly = —% (Q’L(Mfﬂ)l +Y,®2)d' g — QL (M ®1 + Y, Po)u'r

— L) (M) + Y]l g + h.c)

e M/, can be diagonalized by performing transformations in the fields and
introducing the CKM matrix

o Nothing guarantees us that the matrices Y/, will be diagonal = it can give
flavour changing neutral currents (FCNC)
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A2HDM. Yukawa sector

e To avoid FCNC we require that Y/, and M/, are aligned in flavour space
= 5de’i5F1 R Ny = EzeiEAl R My, = 8/67i5n1 .

@ And we have

Y,/a = §£*)M; )
@ Yukawa Lagrangian
\/_ + 1— =
Ly = ——H { (X)[ngMd'PR = CUM VPL]d( ) + §/V(X)M/PR/(X)}

—= Zy OF(x)MPrf(x)] + h.c.
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A2HDM. Yukawa Sect

Consequences of the alignment @ The only contribution to
interactions changing flavour is

o All the couplings given by the CKM matrix

scalars-fermions are proportional .
to the masses @ There is only three new parameters,

@ The Yukawas are diagonal in o (in general complex)

flavour @ The couplings satisfy universality
among generations
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enology and Higgs signal strengths

@
A2HDM : —mee (e) A2HDM : 2R
F(53).12 V(53). ra
7 (i) == ===~ #(pi) ===~
s —im N F(p3). 13 sm 2 V)
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A2HDM. Fit of light CP-even Higgs with H* loop

@ With the signs of yu and cos & chosen as in the SM and in the CP-conserving
limit

Results of the fit

cos@ = 098732,  Ch. = (-0.03737 U12.687%70),
yh =098+£0.08, |yi=08413%5, |[y|=097"3%.

with x2/d.o.f = 0.59
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A2HDM. Fit of light CP-even Higgs with H* loop

T[ i L ! ! ! ! 300 .
Perturbativity
200 /
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A2HDM. Fit of light CP-even Higgs with H* loop

%

-1 =-1f
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A2HDM. Fit of light CP-odd Higgs

@ R31 = 0 so A does not couple to bosons at tree level

A _ A _ A _ A _ A _
© [ihpy = Hrry = Moy = Hyy = My =0

Results of the fit

i1 = 0844007, |yg|=034T55, |y/|=035755;.
with x2/d.o.f. = 11.6
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Overview

@ Conclusions
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Conclusions

@ Motivation for the study of extensions — aspects of nature not explained
only by the SM + freedom to extend the scalar sector

@ Singlet extension: A real bosonic singlet invariant under all the SM quantum
number — 2 scalars (Higgs-like)
o A2HDM: Two doublets with the same quantum numbers as the Higgs

doublet— 3 scalar neutral particles ({S;}i=1.23) + 2 charged particles H*

@ Statistical analysis of the models with the LHC data. Best fit A2HDM,
CP-even

Interesting aspects of the models: CP-violation, dark matter...

Ana Pefiuelas Martinez (IFIC) Extensions of the Standard Model scalar sector September 7, 2016



Ana Pefiuelas Martinez (IFIC Extensions of the Standard Model scalar sector September 7, 2016



A2HDM. Yukawa sector

o°

e y/ are the couplings for the physical fields

0 , 0 . .
yj’, =Ri1 + (Riz+ iRiz)<d,1 vi' =R+ (Riz — iRiz)s, -
@ With the relations

3

3 3
0 0 0
D=1 Y WP =142l Yy Ra=1,
i—1 i=1 i=1
3 0 3 0
Y VR =sai, D yiRn=x,
i-1 i-1

2 . 3. 0 .
E Ya Riz = i<a,r, E Yo' Riz = —is, .
i—1 i—1
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A2HDM. Phenomenology and Higgs signal strengths

wih = Gl [ROS Y + 90502852 (e,
nh = Ciy Chp(e?) "

uir = Gl [ROPV + 907712872 (e?)
WEy = R Cp(el) ™,

Kby = (R [ROS? + 90572852 pled)
Wi = G (Rn)p(ed)

Wiy = (R [ROPT + 80712672 o)

0 _
po; = (Rin)*p(e?) 1,
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Phenomenology and fits. Heavy scenario

100007 ‘ ‘ ‘ ‘ ‘ -
8000 | i
6000 i
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A2HDM. Fit light CP-even Higgs without H* loop

Fit results yu > 0 and cosa > 0

cosd = 0.987%92 'yh =0.98 +0.08,|y]| = 0.8475% | |y/| = 0.977%1¢,

amb x?2/d.o.f = 0.47.

| A

Fit results yu < 0icos& >0

cos& =0.83+0.06,y" = —0.83+0.06, |y]| = 0.8775% |y/| = 1.127513,

amb x?/d.o.f = 2.96.
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A2HDM. Fit light CP-even Higgs without H* loop
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A2HDM. Fit light CP-even Higgs without H* loop
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Z, symmetries

Model Sd Su S
Type | cotf | cotf | cotf
Typell | —tanB | cot | —tanp

Type X | cotf | cotf | —tanpf
TypeY | —tanfB | cot3 | cotpf
Inert 0 0 0

Table : CP-conserving 2HDMs based on discrete Z; symmetries, being tan 8 = v2/wv1
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