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Controlled Scalar FCNC

Spontaneous CP and complex CKM
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Controlled Scalar FCNC

Generalities — Notation

= Yukawa Lagrangian (®; = io2®7):

,ﬁ/ﬂy = _QL[qu)l +F2q)2] QL[Al(I)l +A2¢2]UR+HC
= EWSSB:

0 0
(@1) = (61'511]1/\@) ;o (Do) = (61‘5202/\/5) '
v2 =0} + 03, cg = cosB =1 /v, sg=sinfB =uvy/v, tg = tan 3

and § =& — &1
m “Higgs basis”

(-2 () 50 -

m Expand fields

th= <<v my szO)/ﬁ) s <<R0 fg‘))/ﬂ)




Controlled Scalar FCNC

Generalities — Notation

m Yukawa couplings

v _ _ ~ ~
—Ezy = Q% (MYH, + N9H)d% + Q% (M2 H, + N Hy)u% + H.c.
m Mass matrices Mg, MY, and Ng, N2 matrices:
ve'st ; vels ;
g = W(Cﬁl—\l + €Z€Sﬂr2), Ndo = W(S[@Fl — 62€CﬁF2)
—i&1 —i&1
ve . ve .
MY = g1 + e 8s30,), N = ——(s5A1 — e ®egA
ST (cas sA2), Ny 7 (s 502)

= Bidiagonalisation (U, € U(3), CKM V =U{ U, )

U(}LLMC?L{CIR = M, = diag(mgq, ms, mp)
L{];LMS U,, = M, = diag(my, me, m;)




Controlled Scalar FCNC

Generalities — Notation

m Ny, N, matrices

uj NJUu, =Ng Ui NU, =N,

® Yukawa couplings
v —
— —=2A = (urV,dr)(MgH1 + NgHs)d
/3 y = (urV,dr)(MqH; aH2)dR

+ (g, d V(M Hy + N Hy)ug + H.c.

Up to 2 x 3 x 3 x 2 =36 new real parameters
Source of Scalar FCNC (SFCNC)

Symmetry to limit this inflation of parameters




Controlled Scalar FCNC

m Abelian symmetry transformations

(bl |—>‘I)17 @2 |—>6i0¢)2
0 ;6 A0 0 i3;0 70 0 i7,6, 0
Qr;— €7QL;, dpj e dg;, up; — e up;

m All possible realistic implementations analysed:
Ferreira & Silva, PRD83 (2011) 065026 [arXiv:1012.2874]
m Among them, Branco-Grimus-Lavoura (BGL) models
Branco, Grimus & Lavoura, PLB380 (1996) 119 [hep-ph/9601383]

m SFCNC only in one quark sector, proportional to CKM entries
m Interesting relations among Yukawa matrices

BGL models: Ty =0, AlA; =0, TIA; =0, TiA; =0,
and T'T§ =0 (dBGL) or A;Al =0 (uBGL)

m “Generalised” BGL (gBGL)
Alves, Botella, Branco, Cornet-Gémez, & N, EPJC77 (2017) 9, 585

[arXiv:1703.03796]
m SFCNC in both quark sectors, related through CKM

gBGL models: T1Ty, =0, AlA, =0, TiA, =0, TiA, =0
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Controlled Scalar FCNC

Strategy

Since in these models symmetry properties < matrix relations
(not always possible) we focus on
m 2HDMs which obey an abelian symmetry and (a) or (b)
(a) Yukawa coupling matrices required to obey Left conditions

NS =T15MF, NO=TOMQ  with LY = &9P, + (0P, 4 (P,

ég-q] are, a priori, arbitrary numbers.
(b) Yukawa coupling matrices required to obey Right conditions
N =MIRY, NO=MIRS  with RO = rl?P + 7P, + 7P,

qu] are, a priori, arbitrary numbers
Projection operators P;, [P;];x = 0;;0,% (no sum in j)

1

0 0 0 0 0
P = 1 0 Ps=(0 0 O
0 0 0 0 1

o o o

0 0
0 0 O Py =
0 0 O

uum Inc



>ontaneous CP anc

Left models

m from Left conditions, each left-handed doublet Q9. couples
exclusively, i.e. to one and only one, of the scalar doublets ®y

Right models

m from Right conditions, each right-handed singlet d%., u%j, couples
exclusively to one scalar doublet @y

m “Generalisation” of Glashow-Weinberg NFC
types I & II from LY and LY proportional to the identity 1
S. Glashow & S. Weinberg, PRD15 (1977) 1958




Controlled Scalar FCNC

In the mass bases

m Going to the mass bases
Nd:Lde, Nu:LuMu

with
Lo=U} LU, , L.=Uuj, L5U,,

m Transformed projection operators
Pj[dL] = UC];L Pj udL’ P][“L] = Z/{’IL Pj UUL
m One simply has (same qu])

Lq = K[ld] Pl[dL]—I-é[gd]PQ[dL]—l-Egd]P?EdL] . Ly,= E[lu]Pl[uL]_,'_E[Q“] PQ[UL]—ngu] P?EuL]

m Since the CKM matrix is V = U}, U,

prl = v plielyt




Controlled Scalar FCNC

Determination of 49]

(1) Assuming an abelian symmetry
(T);,#0 = (I'2),, =0 (the converse 1 < 2 also holds)
(2) Consider (I'1),, # 0, then (I'),, = 0, and the Left conditions read

ifl i&l
(Mc(l))m = Ujﬁ g (I')q (Ng)m = U\C}E 55 (T'1);4 »

and thus (N9), = t5 (M)
That is

T2, #0 = 6 =15
(3) Consider (I');, # 0: similarly,

(F2)ib 7’é 0= Ei[d] = _t,gl




Controlled Scalar FCNC Spontaneous (

Abelian symmetry & Left conditions

m Cannot have simultaneously (I'y);, # 0 and (I'z),, # 0,
for any choices of a and b
ie.
m ['; and I'; cannot have nonzero matrix elements in the same row
m Each doublet Q?, couples to one and only one doublet @

Rule book for €£d]

if (I'),, exists, then Egd] =tg
if (I'y),, exists, then ££d] = —tgl

Similarly for A1, Ay and ¢




Controlled Scalar FCNC

Left models — Generalised BGL (gBGL)

m Transformation

Py —Dy, QY5 —Qfs

m Yukawa matrices

X x X o 0o o x X % 0o o o
Ti=(x x x).ITo=(0o o o)l Ai=(x x x}].Ao=([0 o o
1 o o o) 2 x x x)7L o o o)72 x X %

m Left conditions

N = (tsPr+tsPa—t5'Ps) M, N = (tgP1 + 1Py —t; " P3) M,

Na= (tg1—(tg+t; ) PY" )My, N, = (ts1—(t5+t5") P )M,

m Parametrisation: introduce complex unit vectors ﬁ[ ap ﬁ[u]

fay; = [P3ly, Jsj, Ay = [Pslhy, 13




Controlled Scalar FCNC

Left models — Generalised BGL (gBGL)

m Parametrisation: introduce complex unit vectors ﬁ[ ap ﬁ[u]
u

(P:)EdL]>ij = F] ﬁ[d]gv (P:)EUL])H = ﬁru]iﬁ[u]j

]

[d]] [P?’udL}?’J’ ﬁ[ i = [PguuL]gj

m N, and N, matrices

(Na);; = (t6i; — (ta +t5 ) Afifa)ma,
(Nu)iy = (tadij — (g + 5 Al )




Controlled Scalar FCNC

Left models — BGL (bottom)

m Transformation
Dy — eie@g, QOL3 — eiingg, d%g — eiiwd%g, 0#0,m
m Yukawa coupling matrices
X X 0 0 0 0 X X X 0 0 0
Po=(5 5 o)Te=(0 0 o)a=(5 & i)de=(0 0 9)
m Left conditions
0 _ —1 0 0 _ —1 0
Ny = (tgP1 +tgPs — t,@ Ps) My, N, = (tgP1+1tsPs —tg P3) M,

m Ny and N,

(Na);; = 6ij(ts — (tg +1t5")0;3)ma,
(Nu)y; = (tdiy — (tg + 5" )Vip Vi),




Controlled Scalar FCNC

Left models — jBGL

[Sort of “flipped” generalised BGL]
m Transformation

i0 0 —if A0 0 —i0 ;0
Py e"Py, Qrzr—e QL de'—’e ldev]:]-va?’
m Yukawa matrices
0 0 0 X X X
= 0 0 0 =
=0 0 o) =5 & i)A

m Left conditions

x  x x 0o o o
x X x 7A2: o o0 o
0o 0 o x % X

N = (—t5'Pi—t5 ' PattaPs) M, NJ = (tgPi+tsPa—t ;" P3) M,

m Ny and N, parametrisation

(Na);; = (—t5'0i; + (ts + t;;l)ﬁfd]iﬁ[d]j)mdj
(Nu)zj = (tﬁéij - (tﬁ =+ tgl)ﬁru]iﬁ[u]j)muj




Controlled Scalar FCNC

Left models — Summa

Sropestios Sym. | Tree FCNC Parameters
Model
G-W Zo (Nu)” O(éﬂjmuj tg, m
» Mg
(Na),;; o< dijma, 5
-1
uBGL (¢) Lip>4 <Nu)ij = 8t — (s tip )5j:a)mu_,- V,tg, mq
n>= o LR eR) k
(Nd)” = (tpdi; — (tp + tg )‘/{E‘/tj)mdj
1
dBGL (b) Zosa (Nu)y; = (tgdij — (kg +tg )V, Vi) mu, V, tg, ma,
= Wi =ity — (tg + Ly )d;3)my,
(Ng)i; = diz(tg — (tg + t5 ’
ARk o
gBGL z, | Budi; = (t8%; = (g + g )AL R ) ma; v, tg, may
(Na)i; = (615 — (tp + t5 )Aig Py, )ma; g (+4)
vy s
BGL Zyos (N’U-)ij = (tgdi; — (i +ig )n[u]zn[“]j)muj V, tg, mg,
| Wiy = (151 + (g + 5 DAy Imay | g (+4)




Controlled Scalar FCNC

Right models

m Follow the same steps

m Right-handed singlets in up & down Yukawa couplings
unrelated = more freedom
m No “right” CKM

m Rows for left conditions — columns for right conditions

f[d]j = [P3udR}3j, 72[u]j = [P3uuR]3j
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Right models

m Model A
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Right models

m Model D
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1 o) 2 o o x)°1 x % 152 0o 0 x

m Model F

1“1:(2

X
[=)
N—
=
0

|
~
[=N=N=)
coo
X X X
—
>
—

|
/N
c oo
[=N=N=)
X X
—
s
Il
~~
X X X
X X X
[=N=N=)
N




Controlled Scalar FCNC

Right models — Summary

. L Sym Tree FCNC Parameters
G-W gy | By, by ts, Mg,
(Na)i; ox mg, 8y
Type A Zoon (Nu)y; = ma, (t38:5 — (tg + tﬁ Ly [u]i U]J) tg, mg,
(Na)ij = ma, tadi; g (+4)
Type B Foimeg (N“)t'j =, (= ty 51;' + (tg + ty )r[“ i u]]) Lg, mq,
(Na);; = ma, tadi ) (+4)
Type C Zoza | Wy = Mustsdy ta, M,
(Na);; = ma, (tgdi; — (tg +tg )r iFlay) Fla(+4)
Type D Zp>o (Nu)y; = m..,‘.tﬂfsijl ) tg, Mg,
(Na)yy = ma, (=t 04 + (o + b5 Mjapflay) | FragH4)
Type E - (Ne);; = ma, (Bgdi — (tg + tﬁ Lypx i rus) tg, mg,
(Na);; = ma,(tpdi; — (tg + 15 )" li d]_;) L] d](+3)
Type F 7 sy (Nu)m-j = My, (_tr) dij + (tg + bty )r[u o u]j) tg, mg,
(Na)y; = ma, (tpdi; — (t3 +t5 )r i d]J) 1"[“] 7:[(1]("'8}
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Summary so far

Two classes of 2HDMs shaped by symmetry and L/R conditions
SFCNC controlled by quark masses and unit vectors

Moderate number of additional parameters

Interesting phenomenology

bntrolled
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Spontaneous CP and complex CKM

m Original motivation for 2HDMs

m CP invariant Lagrangian
m CP violation arising from the vacuum

T.D. Lee, PRDS8 (1973) 1226
m Here: realistic 2HDM of spontaneous CP violation

m scalar potential with spontaneous CP breaking (vacuum phase 0)
m 0 generates a complex CKM matrix
m SFCNC effects under control (in agreement with experiment)




Spontaneous CP and complex CKM

m Yukawa couplings
L = —QY(I1®1 + Da®2)d} — QF (A1 @1 + As®a)ul; + Hec.

m Symmetry under Zo transformations (gBGL)

(pl = (Dly @2 = _(I)Z; Q([),3 — _Q([)By Q%] — Q(L),ja .] = 172

0 0 0 0
dpi — dp, Upgk > Ugg, k=1,2,3

X x X o o0 o x  x x o o0 o
I'y=(x x x) . To=(0o o o)l Ai=(x x x), As=1[(0o o o
1 o o o) 2 x x x) L o o o) T2 x X x

m CP invariance of %




Spontaneous CP and complex CKM

Once again. ..
m Higgs basis

Hi\ e 1P, . [ cg sg T -1
<H2> = ng (e_igzq)z 5 with Rﬁ = —sg g 5 Rﬁ = Rﬂ

= Yukawas

V2 V2

v

_ 2 _ - -
Ly = Q%(MgH1+N3H2)d%—TQ%(M3H1+N3H2)u%+H.c.




Spontaneous CP and complex CKM

M ((1) and N qQ

o _ ve' i0 o _ ve i0
M, = W(%Fl +espTla), N, = 7 (—spl'1 + €"cply)
ve~ g ve g
MS = \/g (C,BAI +e 7’055A2) ’ NS = \/g <_85A1 te 2005A2)

m Matrix relations

NJ=tgMg — (tg+t5" )PsMy, NJ =tgM, — (tg+t5")PsM,

P = (§89)
001
m Notice
10 0) 10 0 A
MYy=1(0 1 o M), M°=|0 1 o |
0 0 e? 0 0 e

with Mg and MS real




Spontaneous CP and complex CKM

m Bidiagonalisation of M9, M?
Uy MU, = diag(ma,), U5, MOU,, = diag(m,)

w MIMYT
1o o0\ 10 0
MIMOt =(0 1 o |MIMIT [0 1 0
0 0 e 0 0 e

Mg]\;[g T real and symmetric

O4T MOMIT O = diag(m3) with real orthogonal ©O¢

10 0
Ui MgMJU, = diag(m3,), with U, ={0 1 0 |Of
0 0 ¢
m Similarly
10 0

I
(=)
—
o
~e

ul, MIMIU,, = diag(m2)), with U,




Spontaneous CP and complex CKM

m Right-handed transformations
MUY = NIOTHLS, MM = NIOT AT

O MJTMIOY, = diag(m3),  OR" MITMLOY, = diag(m?)
with real orthogonal O% and 0%

m Finally
My = diag(mg,) = U}, M§O%, M, = diag(m,,) = U, MLOY,

m The CKM matrix V = M,ILUdL is
1 0
v=0T|lo 1 0 |O¢
0 0

requires €2 £ +1

bntrolled



Spontaneous CP and complex CKM

N, and N,

m Ny =Uj NIOF, with N = t5M3 — (tg +t;")Ps M

Ng =t} MO — (tg +t5 " UJ PsMJOF =
taMy — (tg + 53U Psldy My

= Unit vectors 7y, (real) and fyg) (complex)

Py = (0% )sj 5 fgayy = Uy, Js5 = €“F g,

U;LP3U(1L = 01" P;01, [U;LPSUdL]ij = N Nyay; = Pragifiagy




Spontaneous CP and complex CKM

N, and N,

m Similarly for N, with
gy = [O0Llsg iy = Uy, sy = ey,
U, P, = O PsOF, UL Psh,,, 1ij = Pifuy = Pl
m Ny and N, are real [N.B. phase convention dependent statement]
[Nd]ij = tg@jmd. — (tﬁ + tgl)ff[k ]iﬁ[d]jmdj
[Nu]ij = tg0ijmu, — (tﬁ + t,@ )ﬁ u]lﬁ[u]JmuJ
[ fz[ ] and ﬁ[u] are not independent

My = gy Vi

jio u]l

= Vijiay

m In terms of R = 0y 704

Play = Ty fis T = RikTape

bntrolled



Spontaneous CP and complex CKM

m With
V=01"1+ (% - )P0} = V,; = Ri; + (¢ = 1)5;;

and

Sij = [O%TPSOdL]ij = ’F[u]z [dlj = ler[d]kr[d]j = r[u]z [u ]kRk]
real and imaginary parts of V;; read

Re(V;;) = Rij — 255S:5, Im(V;;) = 5205

)

m Compute the imaginary part of
rephasing invariant quartet V, . V*. V. . V*.

1171 Ci1j2 " d2j2 7 t201




Spontaneous CP and complex CKM

452 ( Ri1j1 Slzh R12J2 Sh]z )
_Sn]l R12J1 522]2 RZUQ
th Slzh Slz]z Ri,j,
+4sg i1 Slzh R'szz S’L1j2
+Silj1 Riz]l 57-2]2 S'LIJQ
_R'Ll]l Slzjl Sizjz Sng
Siyjr Rizjy Rizjo Riy o
_Riljl Sizjl Ri2j2 Ri1j2
+Ri1j1 Rizh Si2jz Ri1j2
—Riyjy Riyjy Rinjp Siyja

Im(V;, 5, Vit 5, Vi, in Vies, ) = sin 26

111 M i1j2 Vi2g2 ¥ 201

—+

.not very illuminating
m SFCNC and CP violating CKM

m If 7 had two vanishing components, no SFCNC in that sector
but then no CP wviolation in CKM

m That is having no tree level SFCNC in one quark sector
is incompatible with a CP violating CKM matrix




complex CKM

CKM and SFCNC

453 ( %1]’1%211%2]’25];112 >
i1J1 fligj1 Pigjz fli1j2
SiljlsizjlsizjzRiljz

+4S§ _Si1j1si211Ri2j28i112

+Siyj1 Rinjy Sz Siv iz
7Ri1j1Si2]’15¢2j2Si1j2
Si1j1Ri2j1Ri2]'2Ri1j2
+ _Riljlsizlei2j2Ri1j2
JrRiljlP“i2j1SinzRimé

_Riljl Rizjl Ri2j2 Si1j2

Im(V * .V * ):sin29

G171 M i1j2 V22 ¥ 21

m If 7 has two vanishing components [Sij = i) ;]

m S;; has only a non vanishing row (column), for which S;; = R;;
m with 41 # i2 and ji # j2, only two terms # 0
m they have opposite sign!
m At the end of the day,
6 parameters + tg for CKM and all SFCNC




Spontaneous CP and complex CKM

Scalar sector

m 2HDM potential

m CP invariant (all couplings are real)
m Z; symmetry, softly broken by p2, # 0

V (D1, Bo) = 13, BI @y + 13, P5 o + 113, (B] @y + DLDy)
FAL(DTD1)2 + Ao (DT D2)2 +2X5(B] B ) (DI D) + 224 (D] Do) (DI D1)
+ A5 [(D1D2)% + (@5 1)

m Vacuum expectation values for EWSB

(@) = (e“’lv?/\@> » (®2) = (eiei’v(i/\/ﬁ> ’

0 =0y —01,v> =v% +v3, cg =v1/v, 85 = v2/v, tg =tan 3




Spontaneous CP and complex CKM

m Minimization of V(vy,vs,0) = ¥ ((®1), (D3))

ov
50 = —v1vg 8in O(p2y + 250105 cos ) = 0
oV 9 9
Do. = utv1 + Avp + (A3 + Ag)vrvs + va(pdy cos 6 + Asvivz cos 260) = 0
1
oV
o Uags 4+ Agvs 4 (A3 4 A )vive 4+ v1 (34 cos O 4 Asv1ve cos20) = 0
2
m For spontaneous CP violation, consider a solution {v1,vs, 0} with
0#0,+m/2,+m
m Trade
H%Q = —2/\51}11}2 cos 6

11 = —(A1vf + Az + A — As)v3)
1135 = —(A2v3 + (A3 + Mg — As)o?)




Spontaneous CP and complex CKM

m Expand fields

= Higgs basis
= ((v+h° f:G(J)/x/?) = ((RO +Ijl+°>/x/5>

(i) = (1) () =% () () == ()

m Identify would-be Goldstone bosons G* and G°

G* = capt — sppy, G =com — spme




Spontaneous CP and complex CKM

m Charged scalar H+ = smpf — cﬂgp;
7/((1)1, @2) D 1)2(/\5 — )\4)H+H7 = m%{i = UQ()\5 — /\4) .

m Neutral scalars

hO
1
Y (®;,85) > ~ (h° R® 1°) M2 [RO M2 = M2T
2 0 0
I
with
MGl11 = 20% {A1ch + Aasy + 2¢555[Asas + 2A5¢5) }
[Mg]zg = 21}2 {C%S%()\l + )\2 — 2)\345) + )\5(0% — s%)zcg
[Mg]m = 21128565 {—)\16% + )\25% + (C%r — S%)[/\345 + 2/\565])}
[MGl1s = —v*Xss28590
M2z = —v*Ascaps20
[M(Q)]gg = 2?]2/\583

Agas = A3+ A — As




Spontaneous CP and complex CKM

m Physical neutral scalars

h ho
H| =R"|RO
A Il

where
RT M2 R = diag(mi, m%,m?%), R *'=RT

m R “mixes”, a priori, all three neutral scalars
m assume h is the lightest one, Higgs-like, mj; = 125 GeV

m Notice

Tr[M32] = m2 +m?% +m% = 21}2[)\10% + )\25% + As)

det[M2] = m3 m3; m?% = 205A5( A1 A2 — \3,5) sin? 23 sin” 0

No decoupling regime




Spontaneous CP and complex CKM

Yukawa couplings

t _nNT
L] gs@b S = h, H, Aa H* with Hq = %7 Aq = N‘ZQN‘I;
—1\ax mdi + mdj
[Hylij = tpdizmg, — (tp + tﬁl)”[q]i”[q]jf
—I\ %k A mdi — mdj
[Aglij = (tg +t51)7n aiMdi T 5

m Neutral [s = 1,2,3 for S = h, H, A, respectively]
Loga = — % {d[R1sM4+ RasHa + iR3sAa]d + d[RasAg + iRss Ha) v5d}
- g {@[Rus M + RosHa — iR Au] o+ [Ris A — iR Ho] y51u}
m Charged
V2H*

v

[fLLVNddR — ’l]RNlVdL}
V2H™
v

gHqu = -

[JRN;VTUL — CZLVTNuUR]




Spontaneous CP and complex CKM

Constraints

m Good CKM matrix:

m |V;| in first two rows

m CP violating phase v = arg(—V, 4V, Voy Voy) (only tree level one)
m Scalar sector

m Oblique parameters S and T'
m Boundedness of the scalar potential and perturbative unitarity
of scattering processes

m mpy+, mg, ma > 150 GeV




Spontaneous CP and complex CKM

Constraints

m Scalars & Yukawas

m Production x decay signal strengths of Higgs-like h
[ATLASH+CMS from Run I + Run II]
m Neutral meson mixings
m B9-BY and BY-BY: mass differences AMp,, AMp, and mixing
x decay CP asymmetries in By — J/¥Kg and Bs — J/U®
m KY9-K9Y: scalar mediated contribution to Mfg does not yield
sizable contributions to ex and AMpg
m D%-DO: short distance contribution to M{ verifies
|ME| <3x1072ps—!

m Br(B — Xsv) (i.e. b— s7v)
m Bounds on rare top decays t — hgq

uum Indu
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Goals of the analysis

m establish that the model is viable
(after imposing reasonable constraints)
m explore prospects for the observation
of some definite non-SM signal
m flavour changing decays ¢ — hc, hu (LHC) and h — bs, bd (ILC)
m representative low energy observable:
time dependent CP violating asymmetry in B; — J/U®
[SM prediction A§/ye ~ —0.04, current exp. —0.030 4 0.033]
m not here: direct observation of new scalars

Parameters

{*q) 1,0, v mp,tg, miye, R}
{24+3+14+04+0+14+1+3}=11
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Results
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Results
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Results
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Results — Summary

m Viable 2HDM with SCPV and complex CKM
m All new scalar masses below 950 GeV

m SFCNC mediated rare decays t — hq and h — ¢1q2 can be
within experimental reach (LHC & ILC)

m Additional potential effects, e.g. A?/TM,

m + correlations




Conclusions

Conclusions

m Part I: Two classes of 2HDM, shaped by symmetry and
additional requirement (Left or Right conditions)
controlled SFCNC (masses & unit vectors)

m Part II: Previous slide

bntrolled
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Thank you!
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Invariant conditions — Summary

‘ Model ‘ Invariant Conditions

dBGL | Il =0,AlA, =0, fA, =0, IJA, =0, ] =0
uBGL | I =0, AlA, =0, [T A, =0, 1fA =0, 4,4] =0
gBGL rir=o0 4ala,=0,rfa, =0, rja =0
jBGL rir=o0 4la,=0,rfa =0, rfa, =0
Type A Fng =0, Aldg = 0, rank({}) = 3, rank(A,) = 2
Type B FIFQT =0, Aldg = 0, rank(l}) = 3, rank(A1) =1
Type C F1F21L =0, Aldg =0, rank(l7) = 2, rank(A;) =3
Type D F;LFQ‘L =0, A A; =0, rank(I7) = 2, rank(A;) =0
Type E Fllg =0, AIAE =0, rank(l}) = 2, rank(A;) =2
Type F F1F2T =0, AIAE =0, rank({}) = 2, rank(A,) =1
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Right models — A

m Transformation
Py — ew(I)g, u(}% — ewu(}%
m Yukawa matrices
X X X 0 0 0 X X 0 0 0 X
Po=(5 5 2)me=(0 0 b= 5 0)ae=(0 1 )
m Right conditions
NJ=MJtgl, NJ =M (tsPy+1tsP, —t;'Ps)
m Ny and N, parametrisation

(Na);; = ma;tp0i

(Nu)ij = mu, (t6i5 — (tg + t5 )Pyt ;)

bntrolled



Right models — B

m Transformation
Dy +— ezefbg, u%l — elou%l, u%g — ezeu?m
m Yukawa matrices

X X X 0
Flz X X X ,]_—‘2: 0
X X X 0

m Right conditions

oo
c oo
~—
>
—=

Il
/N
c oo
oo
X X X
—
>
S

Il
~~
X X X

N =MJtsl, NJ=M(—t;'Py—t5'Py+1t5Ps)
m Ny and N, parametrisation

(Na);; = ma,tpdi;

(N’U«)ij = mui(—t?% + (tﬂ + tgl)f[*u]if[u]j)

Backup

bntrolled
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Right models — C

m Transformation
60 0 —10 ;0
@2'_)6 @2, ng’_)e ng
m Yukawa matrices
X X 0 0 0 X X X X 0 0
I'i1=(x x of,'9o=1[0 o A = Ao = 1[0 o
1 X x o0)72 0o 0 i » =1 i i i 142 0o o

m Right conditions

coo
——

N = Mg(tsPy +tgP2 —t5'P3), N = M tgl
m Ny and N, parametrisation

(Na);; = ma, (tpdi; — (ts + t5 ) Fafia)
(N“)ij = tgmuléw

bntrolled



Right models — D

m Transformation
Oy - €00y, dpy e VdY,,
® Yukawa matrices
F 0 0 X F X X 0 A X
=08 )me=( 5 8)a=(
m Right conditions
N§ = Mg(—t;'"Py —t;' Py + tPs),

m Ny and N, parametrisation

Backup

0 —i6 ;0
dpo — € Vdps

X X X

x A 0o o
X = 0 0
x)’ 2 (o 0

coo
~——r~"

NO = M2ts1.

(Na);; = ma,(—tpdi; + (ts + t5 ) Fafia)

(Nu)z'j = {3y, 0ij

bntrolled
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Right models — E

m Transformation

0

i0 0 —i6 0 0 i0. 0
Oy — " Py, dpgr— e Vdps, Upsyt— eV Ups

® Yukawa matrices
x x 0 0 0 x X x 0 0
I'i=(x x o). To=1(0 o x = (x x o = (o
1 X x o)72 o o x)’ A x x o)’ Az 0

m Right conditions

coo
X X X
N———

N = M(tgP1 +tgPy — t5'Ps), N = MJ(tgPy + 5Py — t5'P3)

m Ny and N, parametrisation

(Na)y; = ma, (tsdij — (ts + t5 " )iaifia),)
(Nu)ij = mu, (ta0i; — (ts + tgl)ffu]ﬁ[u]j)
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Right models — F

m Transformation

0

i0 0 —i6 ;0 0 i0, 0 0 i, 0
Py = @y, dpg e Vdps, up — € uRy, Upy eV Upy

® Yukawa matrices
x x 0 0 0 x 0
I'i=(x x o). To=1(0 o x = (o
1 X x o)72 o o x)’ A 0

m Right conditions

coo

X X X 0
Vo= (1 0)
X X X 0

N = MJ(tgPy+tsPo—t5'Ps), N = M) (—t5'Pi—t; Py+15Ps)

m Ny and N, parametrisation

(Na);; = ma,(tadi; — (tg +1t
(Nuw)y; = M (—t5 05 + (ts +t5 ) i)

)
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Parameters for scalar sector

Parameters: {v?, 8, 0, mj;, m3,., o}
[NB Rij = f(al, ag,ag)]

2 2.
As, My, m4:

)\5 o mh R31 1

202 59 s9R31 — cocapRa1 — co5253R11

2 2 R31 |:_0632,6R12 — cgcagRao + SORBQ]
"Rz —cps2R11 — cocagRa1 + seRa1

2 Rs31 [098257213 — cgcagRos + 897233}

hR33 —cps23R11 — cocasRa1 + seR31

uum Indu



Parameters for scalar sector

With

(MG = mj Ry, + mi Ry + m4 Ri,
[MGla2 = mj R3y + mi Ray + m% Ry
[Mg]u = m% R11Ro1 + qu R12Ra2 + m,24 R13Ras3

)\1, )\2 and )\345:

1
A= 5oz (Ml + E3Mla + 26 [M312] — Asch
1
A2= 50 [[Mg]“ +157 M@z — 2t51[M(2)]12] — Ascjty’
1
Xots = 5 M — M8z + (05" = 65) Mz | — Ao

)\4:)\5—m%[i/v2, A3 = A3a5 — A\g + A5
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