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Introduction

@ Standard Model: Great success but still
o Strong CP problem
o CP-violation

o Dark Matter

o ()
2. (T _y2
@ Doublets under the SU(2), group — p = % =3 % =1
V4 w i
3 Goldstone bosons

_|_
@ Adding N Higgs doublets ——— N - 1 charged scalars ¢ (HY)

+

2N - 1 neutral scalars p,, 7, (S, PP)
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Introduction
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Ly = —
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(@1 (Fato dk + Bads k) + Ty Maa b +hc J

\L SU(N) transformation

Higgs basis
O, = Y0, Qe g, QT-Q=1, YV Q.=v/v.
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Introduction

G* H
¢, = . , ooy =
1 [\}i (v+ S+ GO)} a>1 L[ (S0 +i PO)]
FCNC at tree level (very constrained phenomenologically)

Yukawa Lagrangian

1 _ _
Ly = —; {dLMddR + o Myug +£LMI€R}

2N—-1

N
1 i} -
- ;{ > Riagd (dLYj,a)dRJruRYu( >'uL+£LY;a)£R)
a=2 i

2
+% H (uLVCKM Y dg — ar YTV, dy + 5, Y zR>} +he.,

Natural flavour conservation Flavour alignment
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Natural flavour conservation

o Discrete Z§ ® Z§ ® Z§ symmetry

Z; : flé" - _ff{’a ¢af — _¢af7

|

o Family universality
o Absence of CP-violation
o Stable under quantum corrections

Type:  {au,aq,a}

Typel: {2,2,2}, Sd = Su =G =cotf,
TypeIT: {1,2,1}, G =¢ =—tanfB,q, = cotf3,
TypeX: {27271}7 gd:§u2C0t67§£:_tanB7
TypeY : {1,2,2}, Gg=—tanf,q, =g =cotf3.
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Flavour alignment

@ Alignment in flavour space

‘ Yfe) = gg Ma.c, Ylsa) = Cl(la)* My,

|

o Family universality
e Sources of CP-violation
o No FCNC at tree level

o = diag(s{, <1, 67), <) = diag(s(?, s, <), of? = diag(c), ¢, <).
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Renormalization group equations

Scalar self-energy Q. and dg self energies Vertex correction
J QL (YR y®rT yu(b)yu(b)T y(2
Tr (Y(a)ywﬁ +yE y(b)T) y () t ( d d ( . d Vi yBy@ty v _ FCNC
d d uou ddy: Yd(a) Yd‘a)T Ys ) cxMm "o Tu Voxm a7

FCNC Lagrangian, N =2

8
1 * o - +
‘CFCNC = W (1 + Su gd) Z 902 {Cd(/,b) (RkZ + IRk3) (qd - <u) dL \/(tKI\I MU MLII \/(‘KM MddR
k=1

— Culi) (Riz = i Ria) (55 = ) BeVoyo, MMV Myur | + Bic

CKM

Cr(p) = Cr(o) — log ;%O, o = A < Mpjane = 101 GeV — Cr(Mw) < 40
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Flavour symmetries

Symmetries under flavour-phase transformations

j iaf X i (a),if ial't \(@).ij —iaf"
U 1o U 9 1o )
fy — €% fy, Y; — e Y e
- L fL o . f.R .. . Ul .. . d,L
y o’ i —ia. ij i ij —ia®
Mg — e Mg e %, Viw — € VIwe

f=ud ¢, X=LR, i j— fermion families

FCNC operators

05" = s Vi (LM MEY (6, Ve (507 (MM ()PP (50 My

OZ)’" = (gll)p1 CKM(gd)pn(M M(E) (gd)pn CKM(gu)pm(M MT)m(gU)pm(gz)le Ur,

pk7p;< <k
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Phenomenology of the A2HDM

Aligned Two-Higgs Doublet Model (A2HDM)

Two doublets aligned in flavour space, in the CP-conserving limit,

Ydae = Sde Mayg, Yo = su M,.
~— ~—
real real

Rll = RQQ = COSs 54, Rzl = —R21 = sin d, R33 = 1, R,’3 = R3,‘ =0 (i 7& 3)

b I’ b S
§> < +

4

o 5 b
BY — ptu~ B? — B? mixing
@ FCNC vertices at one loop @ FCNC vertices at two loops
@ Also scalar penguins and boxes @ Box contributions (H¥) finite by

(H*)(needed to cancel divergences) themselves (GIM mechanism)
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Phenomenology of the A2HDM

Mass configurations

Red : My« =100 GeV, My =50 GeV, My =50 GeV,
Green : My+ =100 GeV, My =200 GeV, My =200 GeV,
Blue : My« =500 GeV, My =500 GeV, M, =200 GeV,

Orange : My+ =500 GeV, My =200 GeV, My =500 GeV.

+ constraints from B — X,y
gl

(SurSa) H* (SurSd)
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Phenomenology of the A2HDM. B? — iy~

Observable

B(Bg — /L+/1,_)A2HDM _ {|P|2 4 <1 B Ars> |5|2}
B(B? — it~ )sm r ’

0
A2HDM ©;,A2HDM
Pc G G

0
S cghaanom
2 1 XH+
ACHHPM = |2 7L H Inx; — In :
10 ‘§u| 8 | —x + (XH+ —Xt)z ( Xt XH+)

0 A X
ACEHAIPM _ 2—); (ca + sa <) {S& (su—sd) (1 + <usa) Ca(Mw) + } ;

0 X
ACﬁI’AQHDM = —¢ i [(gu — Qd) (1 + Su Qd)Cd(MW) + ] 9
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Phenomenology of the A2HDM. B? — iy~

BY- yfy” at95% CL g, =0,6=0
ot : Tt .

B> p*p at95% CL ¢, = 0, g = 30

o 10 20 w0 50 50

Ca(Mw)
B2 p'y at95%CL ¢y =0,6=0

0 o g 1
Co(Mw)
BY- u*u at 95%CL ¢4=0, =30
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Phenomenology of the A2HDM. B? — iy~

B p*u at 95%CL ¢,=50, =0

G ool ———— -
01 I
02 )
0 p 0 0 0 o
0y i ot 05%C Co(My)
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Phenomenology of the A2HDM. B? — B mixing

=0 .. —
B3-B mixing at 95% CL, ¢, =0 B2-B mixing at 95% CL, g5 = 0
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@ Motivation for the study of extensions — aspects of nature not explained
only by the SM + freedom to extend the scalar sector

o NHDM: N doublets with the same quantum numbers as the Higgs doublet—
2N-1 scalar neutral particles (¢9) + N-1 charged particles (H:)

@ In general FCNC at tree level, to avoid them:

o Natural flavour conservation: Z¢ ® 2§ ® Z% symmetry, stable under quantum
corrections
e Flavour alignment: one loop-misalignment

e small quantum corrections (flavour-phase symmetry)
@ Phenomenological constraints for the A2HDM

o Bl = ptp”
o Meson mixing

@ Ng < Mpianek ~ 1019 GeV — Ca(Mw) = log /\//\Tﬁv < 40 \/
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Back up
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Multi-Higgs-doublets models: Original and Higgs basis

Original basis:

¢ _ eiﬁa ¢:?'_
? %(Va+pa+i77a) '

b=y { @ (7ot di + 8o ) + 11 Ma l + e}

a=1

SU(N) transformation, so that just one doublet acquiere a vev

N N
O, = Qe g, dp=e"> Qu0,, Q" =0"-0=1,
b=1 a=1
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Multi-Higgs-doublets models: Original and Higgs basis

Higgs basis:
¢, = G ) = il

PTG (v S +i60)) LT H (S +iPY)]
In the Higgs basis the Yukawa structures:
N N N 5 N N N N
D oTata =D Tobs, D Buda =) Apdy, D Magy =D M0y,
a=1 b=1 a=1 b=1 a=1 b=1
with
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Ze symmetries for N doublets

N > 3 : 3N-1 inhert doublets

Type A: {1,1,1}, ¢ = =D — /0,

Type B: {1,2,1}, & =P = Q.1 /1,68 = Qur/Qu2,
Type C: {1,1,2}, cc(,a) =) = Qa1/a, Céa) =040/,
Type D: {1,2,2}, §§a) = Qa1/Q1, GL(:a) = Ctga) = 0.0/,
Type E: {1,2,3}, g((,a) = Q.1/1, 68 = Qua /o ,an) = Qa3/3.
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Renormalization Group Equations

Dro=arl, + EN: [Nc Tr (FQFL + AlAb) +Tr (I'IQI_IZ)] Iy

b=1

N
+y (—2 BoAIT + Tl [+ 5 AuALT, + rbrzra) ,
b=1

DA, = an A, + bﬁ:l [NC Tr (AQAL + r;rb) +Tr (ninb)] As
1

N
+>° <72 Tl A, + AATA, + % Mol + 5 AbAzAa) :
I=1

DN, =anM, + i [Nc Tr (Farl + AZAb) +Tr (I'Ial'lf,)] My

b=1
: t 1 t
+Z MaMLMs + 5 MMy, )
=1

where D = 1672y (d/du), being p the renormalization scale, and N¢ = 3 is the number
of quark colours.
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Renormalization Group Equations

N
ﬁFCNC - Z gag {Csa) (Ra,zk +R372k+1) ElLeEf)MddR
- Cga) (Ra,2k _Ra,2k+1) DLéE/a)Mu UR} + h~C-,

N N
efia) = - VgKM Z g‘(’b)fMU MIgl(fa) VCKMgt(ib) + g((;) VCTKM Z b)TM MT VCKM ¢ + Aefia) )
b=1 b=1

N
efla) = - VCKM Z gt(ib) Mjg(a)T VCTKM Pt + §,_, CKM Z Sd MJ VgKM Ub)T + Ae ) :

5@ _ 1 b) b @ _ N @)
Aecl - Z CKM <Z§( TM MT ()> VCKM » Sd :| - Z [VCTKMMUMJVCKM » Sd ]
b=1
N
~ (3 1 6 g gt (O + a)t N (a)
A@E,) = Z M <Z§d Md dSd Z CKM gl(l) = Z [VCKMM M VCKM » Sd ]
b=1
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Renormalization Group Equations

R (gt(ia)_gga)) (
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Flavour symmetries

@ In the absence of Yukawa couplings — huge SU(3)° flavour symmetry
o 7“X — Sfx fX7 Sfx € SU(3)fX

. . f.R
fy — eia f)’<, Yf(a)’u 5 elal Y(a) e '

i L fL " . FR " Cul . dL
Ul oy’ y —lo iy iag” i —lx;
Mg — e Mg e "%, Vi — € Vi€

The generalized alignment condition implies then

(a)u ‘.

gﬁa)yu el

FCNC operators of the form

O5™ = G5 g)P Ve (DY (MM (6,77 Vo (6P (Mg MY ()P ()7 M

CKM CKM

Op™ = T1(5)P Voens ()7 (Mg M) ()P0 VL ()P (M, ME)™ ()P (o) M, g
or similar structures with additional factors of V., VI (M, M) and
alignment matrices.
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Example of 2HDM as a solution of DM

A. Drozd, B.Grzadkowskil, J.F. Gunion and Y. Jiang (arXiv: 1408.2106)
2HDM type | or Il + real gauge singlet S (2HDMS)

S does not acquiere a vev

Extra symmetry Z} : S — —S (remaining particles unchanged)
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