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SM = unresolved Flavour puzzle

@ Basic questions still open: Many free parameters, why 3 families, pattern of masses and mixings, CP violation
@ Experimentally: Neutrino oscillations — LFV
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SM = unresolved Flavour puzzle

@ Experimentally: Neutrino oscillations — LFV

@ Basic questions still open: Many free parameters, why 3 families, pattern of masses and mixings, CP violation

[Scalar sector] = 01 2, 63 1

Enlargement of the scalar sector — An economical choice
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@ Spontaneous CP violation
@ Strong CP problem

9@ Baryogenesis

— Electroweak phase transition
— Vi CP violating effects too small
@ Dark matter candidates

@ New physics high-energy models require more than one Higgs
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Two Higgs doublets ¢, (a=1,2) with Y = % whose neutral components acquire VEV's
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Two Higgs doublets ¢, (a=1,2) with Y = % whose neutral components acquire VEV's
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Two Higgs doublets ¢, (a=1,2) with Y = % whose neutral components acquire VEV's

<01p] (x)I0>= %(O, vaelfa) v= v12+v22 Choice: 61=0,0=0,-01
)2 b1 lfvow
( -3 )_Q( e Py ) I I
Higgs basis

G+
@ = l 1
w14

+Sl+iG0) '
51, 5, 53 2 H, h A

H
Dy =

"
75(52+i53) ]

«O> «F> = < ae

it
-



2Ly

«O> «F>» N

d;_\, _5’1_

r_7!
up—Ly

a

I+ he.



e _(_QI"(FI¢1

—MM

b -QLdad

o
Ju ~ Li(M gy

)g+h.c.



— — ~ ~ —r ~ ~
Sy =-Qu(T1¢1 +Togn)dp - QL(A1¢y + 800l — Ly (Tl 1 +Tlpo) I + hec.
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Ly = i

v

— — - - — ~ ~
Ly ==Q(T191 +T2¢2)dp — Q (A1 +Aodp)up — Ly (T ¢y +TTohp) I + hoc.
Higgs basis:

{QLIM,®1 + V@) df + QLM By + Y| Bp)uf + TL(M]®y + Y/ ®s) I + hic.}
Fermion mass eigenstate basis Ly [f' — f] (f=u, d, I):
@ M; — My diagonal

° Y; — Y NON diagonal and unrelated to M¢
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Higgs basis:

2
Ly = i
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{QLIM,®1 + V@) df + QLM By + Y| Bp)uf + TL(M]®y + Y/ ®s) I + hic.}
Fermion mass eigenstate basis Ly [f' — f] (f=u, d, I):
@ M; — My diagonal

° Y; — Y NON diagonal and unrelated to M¢

FCNC !
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Different models:

Flavour symmetry — particular Yukawa textures
[e.g. Yukawa couplings: ] ( )
My bosons
Impossing discrete

suppressed FCNC (

)
01— P1, P — —ho QL—QL, L, —L;
Only one scalar doublet is coupling to a given right-handed fermion field

in flavour space ...
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Different models:

@ Flavour symmetry — particular Yukawa textures

[e.g. Yukawa couplings: gj; o /m;r7;] (Type IlI)

@ Impossing discrete .7, symmetry

@ Heavy enough My bosons — suppressed FCNC (Decoupling limit)
b1—¢1, p2——¢2, QL—QL,
Only one scalar doublet is coupling to a given right-handed fermion field

L —L

!
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The general two-Higgs-doublet model

Avoiding FCNC

Different models:

9@ Flavour symmetry — particular Yukawa textures
[e.g. Yukawa couplings: 1 (Type I1I)

° My bosons — suppressed FCNC (Decoupling limit)

@ Impossing discrete

$1— 1, $2— -2, QL—QL, L —1L

Only one scalar doublet is coupling to a given right-handed fermion field

Different implementations of Z, symmetry

@ ¢, to all-fermions (Type I)
@ ¢ to dand land ¢, to u (Type II)
@ ¢ to leptons and ¢, to quarks (leptophilic or Type X)
@ ¢q to dand ¢, to uand I (Type Y)
Since Z; is scalar-basis dependent:

@ @ to all-fermions required! (Inert or dark model) — natural frame for Dark Matter
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The general two-Higgs-doublet model

Avoiding FCNC
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9@ Flavour symmetry — particular Yukawa textures
[e.g. Yukawa couplings: 1 (Type I1I)

° My bosons — suppressed FCNC (Decoupling limit)
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Since Z; is scalar-basis dependent:

@ @ to all-fermions required! (Inert or dark model) — natural frame for Dark Matter

[NO FCNC, nor new potential CP violating sources]
9 in flavour space ...
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QL(T1p1+To¢2)dp ~ QL(A1d1 +Mop)up — Ly (TT1dy +TIao) I +h.c
I'p= fde_mrl

Az = {ZeiBA]_

My =¢efmy
Ya,1=6d,1Mqg,

_ . _ {f—tanp ( __2)
YoscuMu 5 6r= T nB anp=7
V2
.(£y= - 7
- = X
o=Hh

A¢(X Z RG PF(x) Meg £(x)

H* () {T(x) [sd VekmMaPr — cuMuVekm @1 d(x) +¢ v (x) M Prl(x) }
+

h.c.
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Ly= - ?H+(x){ﬁ(x)[CdVCKMMng—CuMuVCKMgL]d(X)"":IV(X)MIgRI(X)}

1 —
- LY 00 Xy T Mepp £(x)
¢=H,h,A f=u,d,!

@ Fermionic couplings o« mass matrices

@ Neutral Yukawas diagonal in flavour

@ FC source: Vi in the quark sector only

9 ¢f: complex numbers — new sources of CP violation without tree-level FCNC

@ ¢ universality and scalar-basis independence and ...
9@ Z,-type models are recovered

+ h.c.
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Ly= - ?HWX){E(X)[CdVCKMMdf?’R—CuMuVCKMg’L]d(X)+C/V(X)M/9’R/(X)}

1 _
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Ly= - ?HWX){E(X)[CdVCKMMdf?’R—CuMuVCKMf?’L]d(X)+C/V(X)M/9"R/(X)}

1 _
-y o) Y y;p f(x) Mf2Pg f(x) + h.c.
p=HhmA  f=udl

Fermionic couplings o mass matrices

Neutral Yukawas diagonal in flavour

FC source: Vi in the quark sector only

¢f: complex numbers — new sources of CP violation without tree-level FCNC

¢¢: universality and scalar-basis independence and ...

e € e ¢ ¢

Zp-type models are recovered
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Aligned two-Higgs-doublet model

Features
V2 _ —
Ly= - {u(x) [caVekmMa PR = cuMuVekm 2Ll d(x) +¢v(x)MPRi(x) }
1 s
- = Y vp F(x) Mg f(x) + h.c.
V p=H,h,A f=u,d,l
@ Fermionic couplings o« mass matrices
@ Neutral Yukawas diagonal in flavour
@ FC source: Vi in the quark sector only
@ ¢¢: complex numbers — new sources of CP violation without tree-level FCNC
@ ¢r: universality and scalar-basis independence and ...
9 Z,-type models are recovered
Model | (¢4.¢éu,¢)) Sd Su S
Type | | (00,00,00) cotf cotf cotf
Type ll (0,00,0) —tanf | cotp | —tanp
Type X | (00,00,0) cotf cotf | —tanf
Type Y | (0,00,00) —tanf | cotp cotf
Inert tanf 0 0 0

Paula Tuzén Marco (IFISC)
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Alignment Yukawa couplings is not directly protected by any symmetry: radiative FCNC

Nevertheless = Built-in flavour symmetries: MFV structures
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Aligned two-Higgs-doublet model

Quantum Corrections [Pich and Tuzén’09, Jung, Pich and Tuzén'10]

Alignment Yukawa couplings is not directly protected by any symmetry: radiative FCNC

Nevertheless = Built-in flavour symmetries: MFV structures

1 log(k/ o) 0

iﬂFcac():p = _W(l*'CZCd)Zi:‘Pi(X)
x {(Rip+ii3)(cq~cu) [dL VI MuMf V Md dg |

~(@ip—iRi3)(sy—si) ALV MaM] V! Mu ug]}

+h.c.

@ Vanishes in all Z, models (as it should)

!
@ Suppressed by mqmq//(4n2 v3) and ng(M = S bgr, T tR
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@ Charged Higgs with complex couplings

@ My >786 GeV at 95% CL (LEP) — H* —u;
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@ Charged Higgs with complex couplings

O Myx >786 GeV at 95% CL (LEP) — HY —u;d;,I*v,

= Tree level decays
= Loop-induced processes

= CP asymmetries in B systems

= EDMs

Statistical treatment = RFit approach

DA

a
v
a
v
a
v
a
it
v
it



0 From the 2HDM to the Aligned 2HDM
© Phenomenology

@ Tree-level and loop-induced processes
@ CP asymmetries
¢ EDMs

© Conclusions

«Or «Fr o« > > 12NN G4

!
a



T—pu/e =

l/l/ My <0.40 GeV 1 (95%CL)
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0.7

[GeV~2 units]

Global fit: P— IVI' T— PVT and P — P/IV/

T
M- Iv+B - Dtv+
Z - bb+t-pv 1
M- Iv+B - Dtv ]

B 1 ]

Titer
Package R(B - DIv)(+B — v) fie
; 04 f . . . ;
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AMp,
€K
_ Su Sd
Z— bb

B— Xsy

Charged scalar — dominant new physics corrections (|¢4| < 50)
Subleading effects to the SM
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Phenomenological Constraints
Loop-induced processes (95% CL) [Jung, Pich and Tuzén'10]

AMpg, - e - Z—bb |- | B— Xsy

CKM

M, /GeV
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AMp, -GK-Z—’bE ]

B—Xoy

Ceff (ug) = Copg +Isul? Cuu ~Isullcg1e™? Cpg
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Phenomenological Constraints
Loop-induced processes (95% CL)

[Jung, Pich and Tuzén'10]

AMg, - ex - Z—bb |- | B— Xsy

e (ug) = Cspg +Isul® Cuu—lsulls4le’? C oy J

Complex couplings

Real couplings

50 fF T T T Ri LN
40 |
40 | -
20 -
— 30 -1
B 2o
20 - -
-20 +
10 - =
40
0 ke 1 1 1 4 L
0.5 1 1.6 2 2 -15
(Sl
Paula Tuzén Marco (IFISC) The Aligned Two-Higgs-Doublet Model
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Phenomenological Constraints

tan(B) = M+ in Zp models (95% CL) [Jung, Pich and Tuzén'10]

Z» models as particular cases:

Type |

Sz S
o [
© 0
I T
= 2.
=3 =3
<1 o
] |
Z - bb,g,Am¢
Fackage
-1.0 -05 0.0 0.5 1.0 15 20 -1.0 -05 0.0 0.5 1.0 15 2.0
Log(tan(B)) Log(tan(p))
o = = = =

DA
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B— Xey

A= Br(B—Xsy)-Br(B—Xzy)
P~ Br(B=Xs7)+Br(B—Xgy)
'S
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EREEE

SEm= Br(B—Xsy)-Br(B—Xgy)
cP= Br(B—Xsy)+Br(B—Xg1)

Maximal acp at NLO
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] [

L F(Bq~y+X) r(BY—pX)
a5 =

Alq tan¢g
q
T(BY—* X)+1(B—~4~X) " BMq
AL, [D0] + a9 [HFAG] and AMEP +ATSM = sings = 27414216 1

40> «Fr « y 4= o>



40> «Fr « y 4= D>

] [

L F(Bq~y+X) r(BY—pX)
4 =

Alq tan¢g
q
T(BY—* X)+1(BY—u~X) " aMg

[D0]+ a9, [HFAG] and AME® 4+ 12V — sings = 27414416 11

Sin(@s)/(1AsISIN@E™)

150

Arg(Zgda)/rad




a I‘(Bq—»p"'X) (BY—u~X)
a5 =

I‘(Bq—»p+X)+I‘(BO—»p X)

ATq
WE tandq
5 [D0] + 2, [HFAG] and AMS® + AT2M — sings = 27414416 1
SN/ (1ALSIN@M) Sin(gs)/(1AsISIn@E™))
150 150
100 100
50 50
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-50
-100
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A I‘(Bq—»p"'X) (BY—u~X)

_ Arg
%1° T(BY—p* X)+T(B—~~X)

AMq tangq

Sin@o/(1AdISIn(@E)
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[Dominated by Weinberg diagram]

xp 500GeV |
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[Dominated by Weinberg diagram]

500GeV
dn ~dp® ———=—1m(cq57)
M=

IS LS T T
10} 1 10} 1
st 1 0.5} 1
N 0f 1 S 00f ]

E &
-5t 1 ~0.5f 1
— 10} ] —10} ]
B B
-5 0 5 10 15 20 25 -5 0 5 10 15 20 25

Re[Z.471 Re[£u57]
Strong constraint for Im(¢y¢};) = still not tiny J
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[Dominated by Barr-Zee diagrams]

Thallium (paramagnetic atom, dy| ~-585de) and ONE neutral Higgs = y,, |

20
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[Dominated by Barr-Zee diagrams]

Thallium (paramagnetic atom, dy| ~-585de) and ONE neutral Higgs = y,, |
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@ Alignment — No FCNC at tree level while introducing new CF sources in the Yukawa sector

= Only 3 new (complex) parameters: ¢, 4 — flavour blind and basis independent
= Z» models particular cases

@ Quantum corrections break alignment but... built-in flavour symmetries — MFV structures
= Important in heavy quark systems

@ Phenomenology: Additional freedom introduced by the phases makes easy to accommodate
experimental limits

= A2HDM passes the EDM-test

= If more accuracy at NA62/LHCb/Super-b or new physics at LHC:

“acid test” for A2HDM and Z»-2HDM
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A2HDM

Conclusions
@ Alignment — No FCNC at tree level while introducing new CP sources in the Yukawa sector

= Only 3 new (complex) parameters: ¢, 4 — flavour blind and basis independent
= Z» models particular cases

@ Quantum corrections break alignment but... built-in flavour symmetries — MFV structures

= Important in heavy quark systems
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A2HDM

Conclusions
@ Alignment — No FCNC at tree level while introducing new CP sources in the Yukawa sector

= Only 3 new (complex) parameters: ¢, 4 — flavour blind and basis independent

= Z» models particular cases

@ Quantum corrections break alignment but... built-in flavour symmetries — MFV structures

= Important in heavy quark systems

@ Phenomenology: Additional freedom introduced by the phases makes easy to accommodate
experimental limits

= A2HDM passes the EDM-test
= If more accuracy at NA62/LHCb/Super-b or new physics at LHC:
“acid test” for A2HDM and Z,-2HDM
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Backup slides

Charged Higgs phenomenology

Input parameters |

Parameter Value Comment
Bs (0.242+0.003+0.022) GeV Our average
Bs /de 1.232+0.016 +£0.033 Our average
Ds (0.2417+£0.0012+0.0053) GeV Our average
st/fDd 1.171+0.005 +0.02 Our average
fx/fa 1.192+0.002+0.013 Our average
fBq BBQ (0.266 +0.007 +0.032) GeV
g, /B o/(fg< /BLo) 1.258+0.025+0.043
"Ba\/"B0 VB \/ B0
Bk 0.732+0.006 +0.043
Vydl 0.97425£0.00022
211/2
A 0.2255+0.0010 (1-1Vy9?)
V! (38+0.1+0.4)-1073 b— ulv (excl. + incl.)
A 0.80+0.01+0.01 b— clv (excl. + incl.)
I3 0.15+0.02+0.05 Our fit
n 0.38+0.01+0.06 Our fit

Table: Input values for the hadronic parameters, obtained as described in the text. The first error denotes
statistical uncertainty, the second systematic/theoretical.
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Backup slides

Charged Higgs phenomenology

Input parameters Il

Parameter Value Comment
mu(2 GeV) (0.00255 7 0-00075y Gy
my(2 Gev) (0.00504+0: 1§4) Gev
s (2 GeV) (0.105+0- 5) GeV
mc(z GeV) (1. 27+ ) GeV
mp(mp) (4A20jol0;) GeV
mt(mt) (165.1+£0.6+2.1) GeV
skez/nez ~0.0070++0.0018
IK2/ kez 0.0090 +0.0022
532/ me2 0.0016+0.0014
p ‘B—»Dlv 1.18+0.04+0.04
KB —Dlv 0.46+0.02
”( 0.965+0.010
gb SM -0.421127+2:00035
Ke 0.94+0.02
£h s 007744 3 00008

Table: Input values for the hadronic parameters, obtained as described in the text. The first error denotes
statistical uncertainty, the second systematic/theoretical.
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Charged Higgs phenomenology

Observables

Observable Value

e r—u <0.72 (95% CL)
Br(t — pve¥u) (17.36+0.05) x 1072
Br(t — evrVe) (17.85+0.05) x 1072
Br(z — pvevy)/Br(r — evive) 0.9796 +0.0039
Br(B—1v) (1.73+0.35) x 1074
Br(D — uv) (3.82+0.33) x 1074
Br(D—1v) <1.3x1073 (95% CL)
Br(Ds —1v) (5.58+0.35) x 10~2
Br(Ds — uv) (5.80+0.43) x 1073
I'(K— uv)/T(n— pv) 1.334£0.004
I(r — Kv)/T(t — mv) (6.50+0.10) x 102
log C 0.194+0.011
Br(B — Dtv)/Br(B— D¢v) 0.392+0.079
I(Z — bb)/T(Z — hadrons) 0.21629 +0.00066

Br(B— XsY) £y >1.6Gev

(355+0.26) x 1074

Br(B — Xceve) (10.74+0.16) x 1072
Am_g (0.507£0.005) ps~1
By
Am o (17.77+0.12) ps~1
S
lek| (2.228+0.011) x 1073

Paula Tuzén Marco (IFISC)

The Aligned Two-Higgs-Doublet Model

Table: Measurements used in the analysis. Masses and lifetimes are taken from the PDG.
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