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2HDM (I) — reminder

S

Instead of a single doublet ® (fi), two doublets ®; & ®9
m Full lagrangian
Z = Zkin+gauge - V((I)la (1)2) + fy

[T.D.Lee, PRD 8 (1973),..., Branco et al., Phys.Rep. 516 (2013)]
In Hintgauges (Dp®)(DP®)T — 3= (D, ®;)(DF®;)T
Scalar potential, instead of V(®) = A(v? — <I>T<I>)2

V(®1,®5) = pdy {81 + iy P12 + (17,81 P2 + H.C.)
A (@11)% 4+ 00 (D5 82) + 25 (B10,) (D11 + 24 (B]01) (D] D2)
+ (2 (@]0:)"+H.C.)+ [ (o (@] @1) 421 (215) ) (0] @) +H.C]

m Yukawa couplings .2y

Miguel Nebot




2HDM (II) — reminder

m Spontaneous symmetry breaking

o) ()

\/v? + 03 =0~ 246 GeV Z—j = tan

m Expansion around the minimum of V(®q, ®5)

| ot
@' = elaj J . 9 j - 172
! ((Uj + pj +“7j)/\/§>

m Rotate to the “Higgs” basis with

U 1 vie”" M vpe _ e"Mcosf e "2sinf
/v% ¥ v% vge Y —pre 2 e "sinf —e "2 cosf

Miguel Nebot




2HDM (III) — reminder

m Doublets: (gi) =U($;) with (H1) = 2= (9) and (Hz) = ()

m Components

= (w +NO Tmﬂ)/ﬂ) S (<R° fg)/ */§>

= G°, G*: Goldstone bl bosons (longitudinal Z & W¥)
m IF the fields in the Higgs basis where the physical (mass
eigenstates) scalars ...
= N° “SM Higgs”
m additional R® scalar & A pseudoscalar,
m additional H* charged scalar.

...and now, the Yukawa couplings %y
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Yukawa couplings (I)

m Yukawa couplings in 2HDM
L= —QY (A1D1 + As®a)ufy — QY (T1 @1 + T2 ®2)d%
— L9 (S1®1 + S2®2) vy — LY (T @1 + T2 ®3) %, + hec.
m Quark Yukawa couplings + Mass terms
ol
Ly D — (M“(v + N + NJR® +iNJA)uf,
- (FL; (MJ(v+N% + NJR® +iNJA)dY,

2
V2 (@0 N0, — N O 4 HLC
v

i 1 )
where Z\[() 7(U1A1+U2619A2) , A[d = ﬁ(vlrlJrUzesz)
and N‘(‘) = ﬁ(WAl _UlewAQ) ) Nd = %(Uzlﬁ —U16i6F2)
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Fermion Masses and Flavour Changing Couplings

m Pictorially

M = v %‘—i-vgew‘@: v%, N:UQQA—’UleiQ =0v§
v

R\ @

m Diagonalisation of mass matrices:
Ul MY Uyp = M, = diag (mu, me, my)
UL, MY Ugg = My = diag (ma, ms, my)

m ...gives flavour changing couplings with R? and A,
the “non-SM” neutral scalars!

UlLN)Upr = N, =7
U, NQ Usp = Ny =7
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Yukawa couplings (II)

m %y in terms of physical quark fields
1 o, -
A DO ——N (uMuu + ded)
v
1 _
- ;RO [u(Nu'yR + Njvr)u+d(Novr + N(hL)d}

+ %A {ﬂ(NuWR - NI’VL)U - CZ(N(Z'YR - N;’YL)d}
V2

v

H™a(VNgyg — NJVAyL)d +h.c.

m Mixing matrix (CKM), V = UJLUdL
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2HDM

FCNC (I)

Ways out

m Discrete symmetries & Natural Flavour Conservation

[Paschos, Glashow & Weinberg, PRD 15 (1977), ...]
Type I: &2 couples to ug, dr, er
Type II: &2 couples to ugr, 1 couples to dr, er
Lepton specific: @2 couples to ur, dr, P1 couples to er
Flipped: ®2 couples to ugr, er, ®1 couples to dr

m Aligned 2HDM: Ag oc Ay, 'y x Ty
[Pich & Tuzén, PRD 80 (2009), .. .]

m Fffective alignment
[Serodio, PLB 700 (2011), Medeiros-Varzielas, PLB 701 (2011)]




FCNC (II)

Alternative:

m suppression factors in FCNC
[Joshipura & Rindani, PLB 260 (1991)]
[Antaramian, Hall & Rasin, PRL 69 (1992)]
[Hall & Weinberg, PRD 48 (1993)]

m naturally suppressed — i.e. “controlled” — FCNC

[Lavoura, Int.J.Mod.Phys. A9 (1994)
[Branco, Grimus & Lavoura (BGL), PLB 380 (1996)
[Botella, Branco & Rebelo, PLB 687 (2010)
[Botella, Branco, Nebot & Rebelo, JHEP 1110 (2011)
[Bhattacharyya, Das & Kundu, PRD 89 (2014)]

m The general idea: symmetry imposes small FCNC

= In the BGL case:

FCNC proportional to fermion masses & mixings!
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BGL models

BGL models (I)

m Symmetry
L] — el QLJ , u%j — eiQTu%j , By — D,y
with 7 # 0,7 and j is 1 or 2 or 3 (at will)
m Reminder:
Ly D —QY (A1D1 + As®o)ufy, — QY (T1®1 + [o®2)dY

Consider for example j = 3:

10 0 10 0
Ar—A=[01 0 |Aa (o1 o0
00 e 0 0 e
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BGL models

BGL models (II)

while
(1 0 0 1 0 O
Ag— Ab=e [0 1 0 Ay [0 1 0
0 0 e '™ 0 0 e27
-7 -7 4T
= arg Ay —argAo = | -7 -7  +7
-2 =27 0
The symmetry requires
x x 0 0 0 0
Up Yukawas: Ai=|x x 0], Ay=10 0 0
0 0 O 0 0 x
X X X 0 0 O
Down Yukawas: I'=|x x x|, I'h=10 0 0
0 0 O X X X
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BGL models

Up Yukawas — Example up 57 = 3

m Up Yukawas:
x x 0 0 0 0
Ai=|x x 0], Ay=10 0 0
0 0 O 0 0 x
m Reminder:
1 . 1 )
M? = — (1A + 026 Ay), N° = — (0341 —v1A
\/i( 181 2 2) \/i( pYAN] 1 2)
m For the Up Yukawas, M and N? are simultaneously diagonalised
= NO FCNC

0
m The U, rotation is block diagonal, U, = (% % (1))
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BGL models

Down Yukawas — Example up j = 3

m Down Yukawas:

X X X 0 0 O
I'n=[|x x x|, TI'so=10 0 0
0O 0 O X X X
m Reminder:
J\L[O = L(’1)11—‘1 + ﬂgeierg) NO = 1 ('UQFl — ’Uleiel—‘g)
d \/§ ’ d \/§

m For the Down Yukawas

Ul MOUp = My, Ul NYUsp =7
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BGL models

The BGL magic (I) — Example up j = 3

m Rewrite
N((i,] = 7(’021—‘1 — vleng) =

] i0 V2 U1 V2 i0
= — (0 ] +v9e"Ty) ——= | — + =] T
" ( 1l + v 2) NG (vz v1> 2

MY

Ul NQUar = 2 My — % (2 + 2\ Ul Ty,
arNaYar = - Ma NG U1+vz ar€ 12UdR
= Problem with U}, ¢T2Usr
m The solution: if I'y oc P MY with P some fixed matrix,

UL, DolUgr oc UL, PMUyp = UL, PUar My
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BGL models

The BGL magic (II) — Example up j = 3

m Which P?

Py =

o O O

0 0 .
0 0| = —=eTy =Py MY
0 1

V2
m The final touch: since U, = (% % %),

V= U:iLUdL = [Uqrlsi = Vi

and
(U3, PUaLlij = V5V,
m Finally

[Nalij = [US  N3Uarlij = ts[Mali; — (tﬁ + %1) V5:Vs;1Malj;
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BGL models

Neutral couplings in BGL models — Example up j = 3

m Up sector
N, = —t5" diag(0,0,m¢) + t diag(m., me, 0)

m Down sector

mq 0 0
Ng=tg 0 mg O
0 0 my

. md|th\2 msVigVis  muVigVy,
= (1t 15) { maViVi mafVil mvicy
maVipVig msViVie  ma| Vil

It all comes from the symmetry
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BGL models

BGL models - The zoo

m We have seen an example with
— 6” Q U,O N €i27'u0 o — ei‘rq)
L] Lj > Rj Rj > 2 2

and j = 3, leading to FCNC in the DOWN sector

controlled by V,, V3
m but we can as well choose j =1 or j =2

then leading to FCNC in the DOWN sector
controlled by

Vi Var or Ve Vi,
m ...or start with this symmetry
Q%j — ei‘r Q([),] , dO — ez2‘rdRJ , (I)? — eiTCDQ
which would lead to FCNC in the UP sector, controlled by V;;V;

m Models: (3 up quark + 3 down quark) x leptons (6 or 3)
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BGL models

Higgs in BGL models

Most salient features
m Include mixing in the scalar sector

m Flavour changing couplings of the Higgs with up or with down
quarks, e.g. h — bs, bd, t — he, hu

m Flavour changing couplings of the Higgs with neutrinos or with
charged leptons, e.g. h — ur

m Modified flavour conserving (diagonal) couplings

m Only two new parameters involved, tan 5 and 8 — «
= correlated predictions, magic combination cg. (5 + tgl)

%
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gBGL Models

Going from BGL to gBGL models
m In BGL models, FCNC controlled but only in one sector
m Can we generalise this flavour control to both sectors?
m Yes, a symmetry which is both “up-BGL” and “down-BGL”

Qr3— —Qr3, dgp — dr, ur — ugr, ®1+— @1, Py — —Dy

m Each fermion doublet couples to one and only one Higgs doublet
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m Yukawa matrices

= Down:

=
—

Il
/-
o X X
o X X
S X X
~
—

[ V)

I
/
X O O
X O© O
o O
N~

m Up:

=]

X X X 0 0 O
Ai=|x x x|, Ax=1]0 0
0 0 O X X X
m Projection P; = diag(0,0,1)

Py =0, (1-P3)2=0,
PsAL =0, (1—Py)As = 0.
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m Yukawa matrices

= Down:

m Up:

X
X
X

o
o
o

X X X
Ar=x x x|, Ay=
0 0 O

m Weak basis independent conditions

Miguel Nebot

rir, =0, TiA; =0,
AlA, =0, Al =o0.

X © O

X o

o

o o



Back to N’s

m Simple relations
N§ = [t = (g + t5")Ps] M3,

NS = [to1 = (tg +15)Ps| M3
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Back to N’s

m Simple relations
Ul NSU, = |tgl — (t + 31U, P3U,, | UL, MU,
drL.tVdYadr B BT tg )Vart3VqrL | Yar*adYar»

UJLNSUuR = [tﬁl —(tg+ tgl)UJLP?)UuL} UJI:LMSUMR
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Back to N’s

m Simple relations
Na = [ta1 = (tg + 15 UL PoU, | M,

Nu = [ts1 = (tg + 15 )UL L PoU, | M

Miguel Nebot




Back to N’s

m Simple relations
Na = [tal = (tg + 5 YU, PsUy | M,
Nu = [ta1 = (tg + 15 )UL L PoU, | M
m Parameterisation [UTP3U];; = U3, Us;

Unitary vectors Us; — 7,
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Back to N’s

m Simple relations
N, = [tgl — (ts + tgl)UijgUdL} My,
No = [ta1 = (b + 5 )UL L PoU, | M
m Parameterisation [UTP;U];; = U3, Us;

Unitary vectors Us; — n;

Ny = [Uqr i, Ny = (U, ]si
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Back to N’s

m Simple relations
Na = [tal = (tg + 5 YU PsU, | M,
Nu = [ta1 = (tg + 15 )UL L PoU, | M
m Parameterisation [UTP3U];; = U3, Us;

Unitary vectors Us; — 7,

Nay = [UdL]3i7 ﬁ[u]i = [UuL]?)i? ﬁ[u}ivij = [UuLUlL]Sk[UdL]kJ‘
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Back to N’s

m Simple relations
Na = [tal = (tg + 5 YU PsU, | M,
Nu = [ta1 = (tg + 15 )UL L PoU, | M
m Parameterisation [UTP3U];; = U3, Us;

Unitary vectors Us; — 7,

ﬁ[d]i = [UdL]3i7 ﬁ‘[u]i = [UuL]3i7 ﬁ[u]iVij = [UdL]3j
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Back to N’s

m Simple relations
Na = [tal = (tg + 5 YU PsU, | M,
Nu = [ta1 = (tg + 15 )UL L PoU, | M
m Parameterisation [UTP3U];; = U3, Us;

Unitary vectors Us; — 7,

Ny = [Ugrlsis Ay = Warlsis fpiViy = fa)
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N’s with controlled FCNC

m In the mass basis

[Nalij = tgma,8i; — (tg + t5 )it )M,
[Nu]w = tﬁmuj 5ij - (tﬁ + t,gl) Al*u]'iﬁ[u]jmuﬂ

Vg = Mg i = Vijiay

m Down parameterisation
[Nalij = toma, 8i5 — (ts + t5 )00 Vs Vigma;
[Nulij = tgma,0ij — (tg + tgl)i,* 7

m Up parameterisation

[Nalij = tgma;0i; — (ts +t5 ") 7oy ma;
[Nu]l.] = tﬁmuj 6ij - (tﬁ + tgl)ﬁ*d] 71[(1]bVLaV7bmu3 :

m BGL models recovered easily

Just 4 new parameters
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gBGL parameterisations
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gBGL parameterisations

o5
Lo (Vs Veas Vea) (Vusr Ves) Ves)-e car Vg Vitr Vi) (Ve Ves: Ve




Phen.

Phenomenology

Most interesting aspects
m Same observables as in BGL models
m ...but richer array of possibilities

m + improved contributions to the Baryon Asymmetry

Miguel Nebot




Phen.

Example, BGL models —t — hqg & h — ur

107! . 10!
1072 E 1072 F 4
1073 - 107}{ L
1074 4 104 b
. br
f 10 4 «f 105 F s
z10° 4 Zw0cF
m [ea)
1077 4 10-7 E
d
10°% 4 108 |
1079 4 109 F
—10 L L L L L L L 1 —10 L L L L L L
107191072 1075 10~7 107 10=° 10~4 10~* 102 10~ 10710107 10~% 10=7 106 10> 10~* 10~% 10-2 10~

Br(t — he) Br(h — u7 + jir)




Phen.

Example, BGL models —h — bq & h — ur

107! 107!
twy
2 L -2 L ! -
10 10 ot tv,
(&%
7
107° F 103 | 4 |
— t —
= ¢ 2
+107* | +1074 | E
= u 2
1 (-
510"’ E =107 F E|
A A u uvy
1070 F 10-6 | ]
1077 F 1077 F E
10-8 ! ! L L L L 10-8 L L L L
10- 1077 107° 107° 107* 107 107 107! 0= 1077 107% 107° 107* 107 107* 107!

0
Br(h — b3 + bs) Br(h — p7 + ir)




Phen.

Example, gBGL “trajectories” between BGL models
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Example, gBGL models — h — bq

Phen.

1070

10-10

T T T
coalts +15') =1

.0

i—d id

I {
1010107 107* 1077

L !
107 10=° 10* 107* 1072 107!
Br(h — bd)

107! T
102 F
107%
1074 F

10 F

Br(h — bs)

107 F

—10 L

T T
Coalts +15") =01

NS

i d id
1

10710 107

{ "
107% 107 10° 10~° 10~* 107 1072 107!
Br(h — bd)



Phen.

Example, gBGL models — ¢ — hqg

107! T 107! e
coalts +15') = 1.0 Coalts +15") =01
1072 F E 1072 F E
07 ¢ E 104 F ]
st
1071 F 3 1074 F E
2 <0
S0k . ] S5l ]
T T
F10°F 1 FTwef 4
1077 F E 1077 E E
108 i E 1078 F E
: b
107 F d—1 E 100 F E
di
—10 L L I L L L I L 10—t L L L L L L L L
10719107 107% 1077 1076 10~° 1074 10~* 1072 10~ 10710107 107 1077 1076 10~* 10~* 10~* 1072 107!

Br(t — hu) Br(t — hu)




Phen.

Example, gBGL models —h — bq & t — hg

107! ey 107! T
coalts +15') = 1.0 Coalts +15") =01
-2 L R 4 -2 L 4
10 ) ios 10
10 E 107 F E
-4 | 4 -4 | N 4
10 e s
= = ie
= 1075 - - = 1075 L’ -
T 1
Z100 id E Z 10 F E
1077 E E 1077 F E
s tb ] s . ]
10 A 10 fd i
1079 F AN ) 4 0o ) ff/ § 1
d d b, § w—d d b, §
—10 L L L L L L L L 10—1(! L L L - L . L - L L - L -
1071079 107% 107 107% 1075 10~ 107® 1072 107" 107109 107* 1077 10°% 107 10~* 107% 1072 10~

Br(t — he) Br(t — he)




Conclusions

Summary & Conclusions

m Class of models with reduced parametric freedom,

m BGL models: tan 8 & scalar mixing
m gBGL models: + 4 parameters Mg

m Flavour diagonal Higgs data constrains FCNC

m Rich correlated patterns for ¢ — hg & h — bg, h — ur
up vs. down, quarks vs. leptons!

Can saturate current bounds for the LHC and the ILC
m FCNC are controlled
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Conclusions

Thank you for your attention!
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Conclusions

Example: BGL models

0 7/2 w0 w2 /2 7/2 7/2 /2

ATTITY

logy, tan 3

4 12

V3 ({] _ (1/) €
Only Higgs signals
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Conclusions

Example: BGL models

i
LETETETTETY

“B-wf
+ Scalar potential (Positivity, Perturbative unit., ...) + oblique EW
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